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BLOCK BASED DESIGN METHODOLOGY.

CROSS-REFERENCE TO RELATED APPLICATIONS

This application depends for priority upon co_mmonly assigned U.S.
Patent Application Serial No. 60/102,566, entitled BLOCK-BASED
DESIGN METHODOLOGY, filed September 30, 1998, which is

incorporated herein in its entirety by reference.

FIELD OF THE INVENTION

The present invention relates generally to integrated circuit (“IC”)
device design, and more specifically to the design of systems re-using

pre-designed circuit blocks.

BACKGROUND OF THE INVENTION

In recent years, constant innovation in silicon process technology
has drastically reduced the price and increased the performance and

functionality of integrated circuit devices, thus stimulating the

- development of the electronics manufacturing and information processing

industries. In turn, these fast growing industries impose increasing
demands on the integrated circuit design system developers for still faster
and cheaper devices. As a result, the design industry is now undergoing

drastic changes, including:
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(1) Chip designs are getting larger and more complex. For
example, in 1997, a typical integrated circuit contained from 100-500K
gates. In 1998, the typical device contained one to tWo million gatés.
Technology in 1999 has shown the continuation of this trend with

devices of four to six million gates being built.

(2) Chip designs are becoming more application-specific. In the
early days of IC design, device manufactures would produce various “off-
the-shelf” chips, which end users would design into their electronic

products. Currently, electronlc product manufactures more often order i

~ custom chip desngns to perform speclflc functions.

(3) Electronic product development is now primarily driven by
consumer demand, which has shortened product life cycles and, therefore
shortened allowed design time and resources. For example, in 1997, the
average design cycle was between 12-18 months. In 1998, that average
time decreased to 10-12 months and in 1999 fhe industry is pushing

towards 8-'1 0 month design-cycle times.

(4) Design time constraints require pafallel design effort. Formerly,
critical design decisions for upstream system components could wait until
downstream system component designs were verified. . Design managers
no longer have the luxury of sequentially performing design tasks.

Several system components may have to be developed concurrently.
Thus, design managers are required to make crucial predictions before at

least some system component designs are complete.

‘To address these demands, electronic system design is now

moving to a methodology known in the art as Block Based Design
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(“BBD"), in which a system is designed by integrating a plurality of

existing component design blocks (also referred to in the art as

- "intellectual property blocks” or “IP blocks”). These pre-designed blocks

may be obtained from internal design teams or licensed from other design
companies, and may be supported by fundamentally different design
structures and environments. Moreover, pre-designed blocks may be

developed to meet different design requirements and constraints.

Another challenge faced by designers using BBD is the front-end
(project acceptance) delays and risk brought about by uncertainty in
determining system design feasibility. Current ASIC (application-specific
integrated circuit) designs are primarily presented at the RTL (register
transfer level) stage, and some even earlier, at specification level, to
designers by custbmers. These designs are then partitioned in a manner

based upon the limitations of available synthesis technology, according to

the area, performance, and power tradeoffs required to provide cost-

effective implementation. In this manner, the designer accepts a system
specification as input and ultimately provides a netlist-level design for
physical implementation (including design place, route, and verification).
If design specifications are within the capabilities of the in1_:ended or

available processing technology, including clocking, power, and size

- specifications, the available design methodology is reasonably predictable

and works well with available circuit design tools.

However, the RTL-level design and the syétem-level design
activities are typically un'coupled or loosely coupled, meaning there is no
coherent link from the system-level functional definition to the ASIC (RTL)

level. The RTL-level design is developed based upon a paper ASIC
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specification and verified by a newly formed test suit created around the
ASIC interface. Thus, available design and implementation methbdologies

for ASIC design present a number of problems, which hamper efficient

" block integration.

First, current methodologies do not provide a top-down approach
to comprehensively evaluate and enéure compatibility to integrate a

plurality of desigh blocks providéd by multiple sources having differing

. design considerations, while providing hierarchical verification and short

assembly time within tight time-to-market constraints.

| Also, éxisting methodologies for ASIC desi_gn do not provide
scalability. A significant number of_ existing methodologies are focused

around a flat design. This approach has |éd. to significant problems in the

length of time required to assemble the top-level design for a system

having mor'e__' than one million gates.

In addition, existing ASIC design methodologies are not suitable for
reuse of pre-designed circuit blocks. Available schemes do not provide
guidelines to solve the timing, clock, bus, power, block arrangement,

verification, and testing problems associated with integrating circuit

design blocks within specific device architectures. Thus, without a

comprehensive approach to block reuse, existing methodologies bring
about an ad-hoc and unpredictable design approach, reduce design

realization feasibility, increase cost and time to delivery, and often trigger

'perfofmance-redubing modifications to the pre-designed circuit blocks

themselves in order to fit them into the designed system. Furthermore,
existing methodologies do not provide performance trade-off analysis and
feedback of critical design parameters, such as clock frequency, and area

4
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- versus risk of successfully and predictably completing chip designs and

implementations.

There is, therefore, a need for a methodology that can satisfy the

~ evolving environment and address the shortcomings of the available art.

There is also a need for a suitable methodology for using and re-

using pre-designed circuit blocks from multiple sources in a circuit design.

Combining [P blocks also brings about the need for "glue" logic,
the logic that allows the blocks to work together on a single device. Glue
logic is the logic primarily responsible for interconnecting design blocks,
and normally resides between the blocks, dispersed throughout the
design. Glue logic elements can be added to a design during various
stages of chip planning, 6r can reside at the outermost boundary of each
block within a design tb act as an interconnect mechanism for the host
block. Regardless of its source, glue logic mdst be optimally placed

within the design to minimize wire congestion and timing complications

‘which arise from placement of glue logic between blocks, introducing

delays which may not have been contemplated by the original block

designer.

There is therefore a need in the art to which the present invention

“pertains for an improved method of placing and distributihg glue Idgic ina

block based design.

There is also a need for a glue logic distribution mechanism that
takes into account the functional affinity of various glue logic elements,

and groups them into new design blocks.

5
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There is also a need in the relevant art for a glue logic distribution
mechanism that re’trﬁrrns an optimized amount ofglue logic to existing

design

In addition, existing ASIC design methodbicgies are not suitable for
reuse of pre-desrgned circuit blocks Avallable schemes do not provide
gundelmes to solve the timing, clock bus, power, block arrangement,
venfucatlon, and testing problems associated wrgh integrating circuit
design blocks with_ih specific device architectures, Since the circuit
blocks are from multiple inconsistent sources, the challenge is how to
integrate these circuit blocks into a circuit systerh in a fashion suitable to

block-based design.

Therefore, there isa need for a method and apparatus suitable to
mter-connect the cnrcunt blocks from multlpie lnconslstent sources in a

fashion suntable to blcck-based design.

There is another need for a method and arjparatus to provide

. interfaces for converting the circuit biocks havihg ?different interfaces into

the ones having standardized interfaces.

Of course, all ICs, even those containing 'arj entire system on a

single chip, must pass a series of tests to verify'.'.t:_hat the chip meets

performance requirements and that there are nohidden manufacturing
defects. If a manufacturing defect is rnissed, the faulty chip may not be
discovered until after the assembly process or, Wcrse yet, in the field.
The cost of such “test escapes” in terms of their effect on customer

satisfaction can be devastating to a product line,
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Generally, thife are three types of tests for detecting defects: DC
parametric tests, AC parametric tests, and functional ("PLL") tests. In DC
parametric tests, the inputs, outputs, input-to-output transmission, total
current, and power consumption of the chip are measured. In AC
parametric tests, the rising and falling times of the input and output
signals, delay time in propagation between input and output ferminals,
minimum clock pulse width, ar'\d_operation' frequehcy of the chip are -
measured. In functional t'ests; the chip is tested to see if it functions as
designed under prescribed operating conditions. Typically, applying a test
pattern to an inpﬁt terminal (“test vectors”) and comparing an output
pattern detected at an output terminal with an expected pattern carries

out a functional test.

Before the advent of Design for Test (“DFT”) methodologies,

designers created and assembled a chip, then passed the completed

~ design to test designers. The test designers then added package-level test

logic, and sent the chip to the manufacturer (the “fab”). The fab testers

then probed the chip and ran a board test protocol including the above-
described tests on the package-level logic. The available Scan Design
methodology is a simple example of a highly effective and w_idely used
method for applying a “single” test method to the entire chip with
predictable and consistent test result. Other ad hoc methods may be

used to handle nonscannable design styles.

_ Today, logic previously contained in a whole chip is now used as a
single virtual component (VC) or design block to be included in a larger
chip. Thus, tests can no longer be designed after circuit design is

complete. Designers must plan how to test each design block, as well as
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the whole packaged ‘chip, throughout the desugn process The deslgn
process must therefore ensure: testability by applymg one or more test

methods as approprlate

The benef:ts of DFT are well known. DFT Iogxc and test vector
verification functlons allow shorter, productlon-ready tests early in a
productlon cycle Also, DFT scan paths provide access to chip and
system states that are otherwise unavailable. A good DFT plan thereby
shortens tlme-to market and reduces testing cost by easing the front-end

deS|gn process and the development of manufactunng tests.

- There are therefore four needs presented by the available art.
First, a new DFT for BBD must be able to make effective use of the pre-
demgned test data among other dissimilar test methods, to share limited

test access, and to meet the overall SOC level test objectives.

Second, it mu_st face the emerging difficulties of new defect types

and new defect Iev'eis due to technology scaling, the new complexities of

‘mixed-signal and mlxed technology desxgn, and the increasing 1/0 count

and new packaglng techmques

Third, it mos_t face the difficulties of integrating IP blocks, which
inherently lack a unified structural test model. SOg.level test access and
fault isolation are needed, and the demand for low. power design
techniques (i.e., latch-based, gated clock, derived iciock, pipelines, and
low threshold voltage) which are largely u'nsupported by the currently

available DFT methodologies must be addressed.
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And the new;DFT methodology must overcome the time to market
pressure with a coherent and consistent test integration model even

when faced with limited or inadequate test information.

The available art requires structural information (i.e., fault models
and test models) so that the test data can be partially or fully generated
and verified for a set of faults. For example, the Scan Design |
Methodology is only applicable to synchronous design and detects only
single stuck-at-fault models. Moreover, other DFT solutions are scan-
based, thus making it rather difficult for sharing and verifying the hard IP

test model, which does not contain structural information.

The available art also requires a non-linear computation model that
cannot sustain the current gate count explosion, even if sharing and
verifying were possible' (i.e., soft IP models). However, soft IPs are not
necessarily scannable or mergeable, sometimes resulting in unpredictable

and unmanageable test development.

Tdrning finally to design verification, a challenge presented b\} the
use of multiple pre-designed blocks in SOC deslgri ls the_rleed f.o'r. a
reliable and efficient functional verification method. In the available art,
test suites are used to verify a multi-block des_ign. Each test in the suite
is used to test each of the blocks before they are integrated. Then, after
integration of the blocks, significant effort is required to adjust the test
suite to enable functional verifieation at the system level. The process of
testing and debugging may need to be repeated for a number of iterations

before a final, full system verification can be confidently provided.
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One available approach to this problem is the substitution of
implementation modules for their corresponding behavioral models,
thereby allowing chip level simutation and testirlg i_ri a mixed mode
situation. While this approach can offer desirable results if performed
effectively, and can be less costly than the iterative block-based
simulations described above, this appfoach is still quite expensive and
slow, since the entire chip must be sirhulated to .obta.in reliable functional

verification.

-~ An especially acute challenge is presented in multi-block designs by

the need to functionally verify bus structures. In the available art, bus

verification is achieved in either of two ways. The bus may be debugged -

" and verified as an |ntegra| part of the overall chlp, or it may be verlffed

using bus functional models for the pre-defined blocks, taking mto

| account the detalled |mplementat|on provnded by newly authored blocks.

However, integral bus verification can be slow and costly. The entire

chip must be used to verify the bus design, and integral bus verification

can only be executed late in the design cycle, when debugging is difficult
and time consumlng due to the level of detall and the potential for fmdmg

no bus-related bugs. The bus functlonal model approach eases some of

" these problems, but requires implementation detail for the newly authored

blocks. Moreover, the bus functional models may be error prone
themselves and may be available only as “black boxes making signal

tracing and debug difficult or lmposslble

10
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SUMMARY OF THE INVENTION

To addresse_s the éhortcomingsof the available art, the present

invention provides a method and apparatus for designing a circuit system,
the rbethod, comprising the steps of:

(a) selecting a plurality of pre-designed circuit blocks to be used to
design the circuit system;

{b) collecting data reflecting the experience of the designer
reéarding the pre-designed circuit blocks, the designer’s experience being
adaptable to a processing method;

. {c) accepting or rejecting a design of the circuit syétem in a manner
based on the designer’'s experience data and acceptable degree of risk;

{d) upon acceptance, forming block spedifications containing
criteria and modified constraints for each of the circuit blocks (FEA);

(e) upon acceptance, forming block specifications for deploying the '
circuif blocks on a floor plan of a chip, in compliénce with the criteria and
modified constraints without changing the selected circuit block and the

processing method.

11
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a flowchart itlustrating a design process based on the
block;based design methodology, in accordance with the present
invention; |

FIG. 2 is a flowchart illustrating the .steps" of front-end access, in
accordance with the present invention; | |

FIG..-S illustrates a clock-planing module, in accordance with the

present invention;

FIG. 4 illustrates a bus identification and planing module, in
accordance with the present invention;
" FIG. 5 ill_Ustraies é power-planning module, in accordance with the
present ir__nvention; o

FIG. 6 ilustrates fhe I/0 and énalog/mixed-signal require'ments, in

“accordance with the present invention;

FIG. 7 illustrates a test-planning module, in accordance with the

‘present invention;

FIG. 8 illustrates a timing and floor-planning module, in accordance
with the present invention;

FIG. 9 shows meta flow of a block design, in accordance with the
present invention;

| FIG. 10 illustrates data flow of a chip assembly, in accordanc_e with

the present invention;

FIG. 11 illustrates task flow of a chip assembly, in accordahce with
the present invention; and

FIGS. 12, 13, 14, and 15 illustrate functional verification flow in

accordance with the present invention.

12



10

15

20

25

WO 00/19343 | PCT/US99/22984

~ FIG. 186 illustrates a methodology to assess feasibility of a circuit
design using a plurality of pre-designed circuit blocks, in accordance with
the present invention. |
FIG. 17 illustrates a feasibility assessment result using the
methodology shown in FIG. 2, in accordénce with the present invention.
FIG. 18 shows a methodology to assess feasibility of a circuit
design using a plurality of pre-designed circuit blocks, in accordance with
the present invention. :

FIG. 19 illustrates a feasibility assessment result using the
methodology shown in FIG. 18, in accordance with the present invention.
FIG. 20 shows an front-end acceptance (“FEA”) process, in

accordance with the present invention.
FIG. 21 illustrates a refinement process, in accordance with the
present invention. |
| FIG. 22 shows an exemplary estimate correctness curve, in
accordance with the present invention.

FIG. 23 shows a process of validating an FEA, in accordance thé

-present invention.

FIG. 24 shows a refined estimate correctness curve using an FEA
design-property refinement process, in accordance with the present
invention.

FIG. 25 shows an FEA data-extraction process, in accordance with
the present invention. |

FIG. 26 illustrates a process of identifying the need for block-
estimate refinement, in accordance with the present invention.

FIG. 27 shows an FEA assessment-axes metric, in accordance with

the present invention.
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FIG. 28 shows a classification collapse curve, in accordance with
the preseht invention.

FIG. 29 shows a plurality of design blocks in a circuit design,

wherein glue logic interferes with optimal desigh block placement.

FIG. 30 illustrates a first type of glue logic distribution, in
accordance with the present invention.

FIG. 31 illustrates second and third types of glue logic distribution,
in accordance with the present invention. | '

FIG. 32 shows a collaring process of embedding a circuit block into

a collar, in accordance with the present invention.

FIG. 33 illustrates creating a complete set of abstracts for a block,

to be used in a design in accordance with the present invention;

FIG. 34 is a flowchart illustrating the collaring process, in

accordance with the present invention.

FIG. 35 shows a collar having two layers, in accordance with the

present invention.

FIG. 36 illustrates the logic view between a collar and a circuit

block, in accordance with the present invention;

FIG. 37 illustrates the physical view between a collar and a circuit

block, in accordance with the present invention.

FIG. 38 shows a system design without using the collaring process

of the present invention.

14
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FIG. 39 shows a system design using the collaring process of the

present invention.

FIG. 40 shows a computer system for performing the steps in the

collaring process of FIG. 34, in accordance with the present invention.

FIG. 41 illustrates a seriés of steps comprising the bus

identification and planning scheme of the present lnventlon

_ FIG. 42 illustrates the internal structUr'e of an interconnection
section of a behavioral model constructed according to method of the

present invention.

FIGS. 43-47 and 49-56 are tables illustrating improved delay times
through bus modif__ications implemented using the system and method of

the present invention.

FIG. 48 illustrates a bus bridge used in the method and system of

the present invention.

FIG. 67 illustrates a bus bridge used in the method and system of

the present invention.

FIG. 58 illustrates a bus bridge including a FIFO used in the method

and system of the present invention.

15
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FIG. 59 is a table illustrating bus utilization and latency

characteristics for a variety of bus types.
FIG. 60 illustrates an Exemplary Consistency Check truth table

FIG. 61 illustrates the top-level hierarchy of a chip from the DFT

5 perspective using the method of the present invention.

FIG. 62 i_llustrates a design made up of functional blocks and
sockef access ports ("SAPs")_. | _
FIG. 63 is a téble illustrating appropriate test methods for a variety
of design architectures. '
' 10 FIG. 64 is a flowchart illustrating the top-level architecture
'specification'procedure for the rﬁéthod ._and systém of the present
invention. o _
FIG. 65 illustrates a socketization procedure of the method and -
system of the present invention.
15 ' - FIG. 66 illustrates a block Iével test development procedure of the -
method and system of the present invention.
FIG. 67 illustrates a chip level test development procedure of the
method and system of the present invention. |
FIG. 68 illustrates a test flow from planning to chip assembl-y
20 accordir;g to the method and system of the present invention.
FIG. 69 illustrates a designer’s view of the front-end acceptance
verification tools of the present invention.
FIG. 70 illustrafes a designer’s view of moving from chip planning

to block design.

16
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FIG. 71 illustrates a designer’s view. of the evolving bus block
model and test bench generation of the method and system of the
present invention.

_ FIG. 72 illustrates a designer's view of a block test bench and a
chip test bench.

FIG. 73 is a designer’s view of block and chip logical verification

models.
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DETAILED. DESCRIPTION PREFERRED AND~ *
ALTERNATIVE EMBODIMENTS |

To overcome the shortcomings of the available art, the present

invention discloses a novel methodology and implemehﬁation for block-
based design (“BBD").

Réferring fo .FlG. 1, a flowchart 100 illustrating a design process
based on the block-based design (BBD) methodology in accordance with
the present invention is shown. As shown in FIG. 1, the design process
includes front-end acceptance design stage 102, chip planning design
stage 104, block design stage 106, chip assembly design stage 108, and

verification design stage 110.

“Front-end acceptance design stage 102 enables a system
integrator (chip designer) to evaluate the feasibility of a prospective
design project. At front-end acceptance design stage 102, the designer
receives a specification from a customer including functional and other
requirements (such as delivery time and budget) for designing an ASIC.
The customer may also provide some pre-designed circuit blocks and test
benches for these circuit blocks. Along with the customer supplied
blocks, the designer utilizing front end acceptance design stage 102 may
accept, as input, circuit blocks from different éources, some of which
may be supplied by a third party, some of which may be legacy circuit
blocks, and some of which may be newly authored. These selected
circuit blocks can be in a soft, firm, or hard design state. (Note that: soft
state is at RTL level; hard is at GDSII level; and firm is between soft and
hard, such as at gate level or netlist level). Front-end acceptance design

stage 102 then collects the designer’s available experiences, including

18
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field of use data, estimation data through behavior simulation, and/or
partial implementation data. The process of front-end acceptance design
stage 102 then provides an assessment to help the designer decide
whether to accept the design project based on the design property
parameters, including the customer’s requirements, the designer’s
available experience , and the designer’s acceptable degree of risk.
Furthermore, based on the functional specification, the result of front-end
acceptance design stage 102 dictates the final set of pre-designed circuit

blocks to be used in the circuit design.

Front-end acceptance design stage 102 provides for three phases

of assessment: coarse-grained assessment, medium-grained assessment,

‘and fine-grained assessment. If an assessment at one phase-is not

_satisfactory, front-end acceptance design stage 102 enables refinement

of design property parameters and makes a further assessment at the

. next phase.

If the proposed design project is found acceptéble, front-end

" acceptance design sfage 102 provides comprehensive stép_s to ensure

~ that problems in the design ahead a‘ré detected early, and to ensure that

these problems can be solved in a comprehensive manner within the
bounds defined by project requirements, the designer’s available

experience, and the processing method selected. Front-end acceptance

design stagé 102 generates a design specification defining a pi'ocessing

methodology including selected pfe-designed circuit blocks, design

criteria, and inter-dependant design constraints.

19
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- Chip-planning design stage 104 translates the design specification
from the output of front-end acceptance design :stage 102 into block
specifications for each of the selected circuit blocks. Tasks executed in
chip planning design stage 104 include: (1) developing plans for chip
design, assembly, and implementation focused on predictability of delays,
routability, area, power dissipation, and timing, end {2) identifying and
adjusting constraints.. Specifically, based on the design criteria and inter-
dependant constraints provided as the output of front-end acceptance
design stage 102, chip planning design stage 104 provides chip planning
within the bounds (such as requirements and constraints) dictated at
front-end acceptance. The inventive chip planning design stage 104
considers one constraint at a time, and yet meets the overall design -
criteria as specified by front-end acceptance design stage 102. Chip
planning design stage 104 achieves this by forming the budget for each
of the circuit blocks eele'cted in front-end acceptance design stage 102,
revising the specification for the circuit block, and adjusting constraints
wnthm the processmg method specified by front-end acceptance design
stage 102. In contrast to the chip plannmg desngn stage of the present

invention, existing methodologies either generate new functional blocks

or change the processing technology to meet the design 'criteria,

ihcreasing design time and raising project risk. Chip plannihg design
stage 104 also generates specifi.cations fof'glue logic (i.e. the hardware
that is reqcired to interconnect the selected circt.iit'blocl_(s), discussed in
further detail below. Chip planning design stage 104 provides as output
three types of glue logic, including new glue Iogic blocks that occupy one
or more areas in a chip, distributed Qlue logic distributed into the selected

circuit biocks, and top level block glue logic elements.

20
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To seamiessly ir_rterconnect the selected circuit blocks, if
necessary, block design stage 106 embeds an interface (called a collar)
around each circuit block to form a standard interface. Since a circuit-
block can be soft, firm, or hard, each collar may be soft, firm, or hard as
Well. Block design stage 106 output provides that: (1) all circuit blocks in
the chip meet the constraints and budget, and fit into dictated chip
design plans and architectures; (2) chip assembly design stage 108 is
provided with all required models and views of all circuit blocks; (3) the
design is enabled for developing methodologies and flows for authoring
fhe new circuit blocks generated in the chip planning design stage 104,
adapting legacy circuit blocks, and adapting third party circuit blocks; and

(4) the design fits into given chip architectures and budgets.

Chip assembly design stage 108 integrates circuit blocks to tape-
out the top-level design for design stage fabrication. Chip assembly
design stage 108 includes the final placement of hard blocks and chip bus
routing, as well as the completion of any global design details. Chip

assembly design stage 108 does not begin until all circuit blocks are

- designed, modified, and integrated into the chip plan. Inputs for chip

assembly design stage 108 include power, area, and timing margin
specifications received from the front-end acceptance design stage 102

or chip planning design stage 104.

Verification design stage 110 ensures that the design at each stage
meets the customer functional requirements as detailed in the functional
specification and chip test bench supplied at front-end acceptance design
stage 102. Verification design stage 110 includes functional verification

112, timing verification 114, and physical verification 116.
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Functional vérifit:atién‘étep 112 ensures that the fogic functions

~ and chip test benches for the selected circuit blocks at each stage of the

design meet the functional requirements of the custommer specification:

Functional verification can be performed during front-end acceptance

~ design stage 102, chip planning design stage 104, block design stage

1086, or chip assembly design stage 108. Timing verification ensures that

signal timing at each stage of the design is appropriate to génerate the

 logic functions and pass the tests specified in the customer's

specification. Timing verification can be performed during front-end

‘acceptance design stage 102, chip planning design stage 104, block

design stage 106, or chip assembly design stage 108. Physical
verification ensures that the physical layout for the circuit design -meets

the customer specification.

During the design process, front-end acceptance design stage 102,

chip planning design stage 104, block design stage 106, and chip

- assembly desigh stage 108 not only perf'orrﬁ th'eir intended functions, but

also generate the information needed for functional verification 11 2,

- timing verification 114, and physical verification 116 which, together,

comprise verification function 110." If any errors occur during verification
at a particular stage of the design process, these errors are preferably

corrected before going to the next stage.

Thus, at chip assembly design stage 108, the deéign process not

only generates a top-level design for fabricating a chip, but also .

“completes verifications of chip test benches for each of the circuit blocks

used in the design and the overall chip test bench for the chip.
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| Figures 2-15 will now be described in summary form. Each of
these figures provides a high level description of materials discussed in

greater detail below.

Il. FRONT END ACCEPTANCE 102
| Referring to FIG. 2, flowchart 200 illustrates the steps 210-216 of

front-end acceptance design stage 102, in accordance wit'h the present

invention.

itl. CHIP PLANNING 104

| Chip planning design stage 104 includes the following modules:
{1) clock pianning; | '
(2) bus identification and planning;'
(3) powér planning; |
(4) /O and analog/mixed-signal requirements;
(5) test planning;
(6) timing and floor planning; and

(7) bus verification.

Referring to FIG. 3, there is shown the clock-planning module, in

accordance with the present invention.

Referring to FIG. 4, there is shown the bus i.dentifit':ation and

plani'ng module, in accordance with the present invention.

Referring to FIG. 5, there is shown the power-planning module, in

accordance with the present invention.

Referring to FIG. 6, there is shown the I/O and analog/mixed-signal

requirements, in accordance with the present invention.
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Referring to FIG. 7, there is shown the test-planmng module, in

accordance with the present invention.

Referring to FIG. 8, there is shown the timing and floor-planning

module, in accordance with the present invention.

IV. BLOCK PLANNING 106 |
Referring to FIG. 9, there is shown the flow of the block design

stage, in accordance with the present invention.

V. CHIP ASSEMBLY 108
Referring to FIG. 10, there is shown the data flow of the chip

assembly design stage, in accordance with the present invention.

Referfing to FIG. 11, there is shown the task flow of the chip

assembly design stage, in accordance with the present invention.

VI. VERIFICATION 110 . _ .
Referring to FIGS. 12, 13, 14, and 15, thgre_is shown the functional

‘verification flow for the verification design stage of the present invention.

SCALABLE METHODOLOGY FOR FEASIBILITY ASSESSMENT

_ Turning first td front-end assessment, FIG. 18 illustrates the
inventive methodolo_gy to assess feasibility of a circuit design using a
plurality.of pre-designed circuit blocks, in accordance with the present

invention,

In FIG. 16, the inputs for the methodology are origihally designed
to use field of use data as inputs. However, in assessing a new design

project, new types of inputs 1, 2, and 3 need to be used to assess the
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feasibility of the new design project. To accommodate the methodology,
the new types of inputs are processed so that the methodology can use

the new types of inputs to perform feasibility assessment for the new-

design project.

FIG. 17 shows the feasibility assessment result using the
methodology shown in FIG. 16, in accordance with the present invention.
FIG. 17 indicates risk on the vertical axis and time/cost along the

horizontal axis. According to the risk indicator, the risk of using these

three types of new data increases slightly compared with the risk

presented when only using the field of use data. Also from FIG. 17, it
can be seen that a type 3 input has the greatest impact on risk.

However, according to the time/cost indicator, by using these three types

~ of new data, the time/cost increases greatly compared with the risk -

created by using only field of use data. By considering the ramifications
of the inventive risk v. time/cost calculus indicated in FIG. 17, the pre-
staged blocks are pre-designed and qualified for broper use in the design
methodology. The pre-staged design plan is preferably a section of an

existing methodology, for examp'le, a block-authoring piece.

FIG 18 shows a methodology to assess the feasibility of a circuit
design using a plurality of pre-designed circuit blocks, in accordance with
the present invention. In FIG. 18, the inputs for the methodology are
originally designed to use field of use data as inputs. However, in
assessing a new design project, new types of inputs X, Y, Z need to be
used to assess the feasibility of the new design project. To

accommodate the new input types, the methodology is modified so that
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‘the new inputs can be used to perform feasibility assessment for the new

design project.

FIG.. 19 illustrates the assessed feasibility obtained using the
inventive methodology shown in FIG. 18, in accordance with the present
invention. FIG. 19 indicates risk along the vertical axis and time/cost
along the horizontal axis. According to the risk indicator, the risk
provided when using the three new input types increases greatly ih
comparison with the risk provided when only using field of use data.
Also from FIG. 19, we can see that a type Z input has the 'greatest
impact on risk. However, according to the time/cost indicator, the
time/cost provided by a_dditiona’lly’i using these three types of new inputs

increases moderately comparing with the time/cost by only using the field

- of use data.

The new types of. inputs can be estimation data or implementation
data for the pre-designed circuits. Based on the results shown in FIGS.

16-19, a system integrator can make tradeoff decisions.

FEASIBILITY ASSESSMENT IN THE FRONT END ACCEPTANCE

The front-end acceptance (FEA) design stage 102 in FIG. 1

~ involves feasibility and risk assessment of a proposed design. A design is

feasible if the assessed criteria are within allowable risk tole’rahce.

In a sense, ihe FEA is a process of design refinement to a point at
which the system integrator can assume the risk of accepting a proposed
design. As such, it is the process of reduction of lack-of-knowledge and,
therefore, error in the requested design’s final outcome. As a starting
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- point, the FEA process receives a set of design requirements delivered by
a customer, the infegrator’s risk profile for accepting a design, a set of
pre-designed blocks, and the integrator’s previous knowledge of and -

. experience with the pre-designed blocks. The pre-designed blocks can be
at various levels of resolution (hard, soft or firm). The resolution,
previous experience and understanding of a block give rise to a large
range of error-bounds in the prgdiction of area, power, performance, etc.,

across the blocks.

For each of the blocks, the design réﬁnement may be presented in
three levels of resolution:
(1) integrator’s field of experience (FOE), |
(2) estimation using actual models and tools to execute those
models, and
(3} dip by taking .a biock into a higher level of design resolution

than that at which it was received.

it should be noted that three levels of design resolution are arranged in
ascending order as: soft, firm, and hard. Efficiency is achieved by
providing a mechanism to conduct feasibility assessment without

needlessly refining all block and interconnect criteria predictions.

FIG. 20 shows a flow diagram for an _FEA process in accordance

with the present invention.

In FIG. 20, the FEA process includes three phases of feasibility
-assessment, reflecting the three levels of design refinement discussed
above. These three phases are: coarse-grained assessment, medium-

grained assessment, and fine-grained assessment.
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Coarse-grained assessment is a field of experience dominated

assessment based upon the design integrator’s p_re'Vibus experience with

-similar designs. Coars'e-grained:a's'séssment is especially suited to ten’s

of blocks and system design options, and to situations where design
estimation-error tolerance is on the order of fiffty'p‘e:rcent: or more. Coarse
analysis can be used to make a cursory examination of blocks being
considered, where the estimati_on-of interaction between blocks is non-
critical. At this phase, it is most likely that not all blocks being

considered are used in the final design.

Medium-grained assessment is an estimation-dominated
assessment, to estimate by analytic formulation of behavior through
equat_ibn or simulation. It is suitable for from two to ten system design
options, and to a sit_uation where acéeptable design esti.métion-error
tolérance is on the"c;rdér of 20%, and the integratbr has ah under_standing _
of how the blocks interact. It can be used to .examine the interaction
between. blocks critical to operational sufficiency of the design. In this
phase, all blocks in consideration have a high probability of being used in

the final design. .

Most reﬁned (fine-grained) assessment is a design-dip-dominated
assessment to make measurements from a refinement of block design.

Dipping is a process in which a new block is transformed into a soft

block, a pre-designed soft block into a firm block, and a pre-defined firm

block into a hard block. Results are generateci from either simulation,
emulation or prototyping. Fine-grained assessment is suitable to all or
part of a single-option chip design where acceptable design estimation-

error tolerance is less than 5%, such as during final resolution of critical
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issues for which..__:_%e_zxzisting design refinement is i_p___sufficient. It can be used
to examine a subset of chip behaviors or block:;hteractions which need to
be studied in detail to guarantee sufficiency or to guarantee that
résolution provided by any existing simulation model for the block is
sufficient. It can also be used to examine the failure of the block to meet
design requirements, which will strongly impact final design feasibility. In
this phase, not every block in consideration will be dipped; instead,
substantially only those blocks that have critical impact on the FEA

decision process are dipped.

in FIG. 20, the width of each triangle représents the error in
prediction of the system FEA criteria. At each level of the assessment,
the key is to refine as little as possible the FEA criteria while reducing the -

designer’s error so that an FEA decision can be made quickly. At each

phase of the FEA process; the basic intent and strategy is the same, as

listed below:

(1) Gather available information about the biocks under
consideration;

{2) Identify and refine locally those blocks most likely to impact
system-estimate error;

(3) Assess whether the desigh meets the FEA constraints. If so,
stop the FEA process; and if not,

(4) Refine globally the block-estimates in the system if FEA

constraints are not met.

A key part of the FEA process illustrated in FIG. 20 is how to
calculate the acceptable global error {or overall error) in the prediction of

system criteria, and identify which few blocks require estimate refinement
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'to bring the:global error to within acceptable bounds. This calculation

process requires three parameters:
{1) Estimate of the acceptable global error for making a decisiorn;
(2) Estimate of the global error which will result from current
system analysis; and
(3) The sensitivity of the global error to the error in estimating a

particular block in the design (also referred to as the block-error impact).

The first parameter is defined by the risk-profile of the system
integrator, the constraints supplied by the customer, and a good
prediction of the global error, Whieh will result from basing a system

prediction upon the current state of data. The eecond and third

'parameters are aII derlved from bunldlng accurate Error Impact: Curves.

Referrlng to FIG. 21 there is lllustrated the dnvmg of the refmement

process, given the error |mpact curves, in accordance wrth the present

invention.

To further define the FEA process, the present invention uses four
basic assessment techniques:

1. FEA Decision Process: Defining Data-in, Data-Out and
the Decision Process based upon Data-Out. (i.e., How
is Data-Out related to the assessment of acceptable
risk?); '

2. FEA Data Extraction Process: Moving from a

complete set of Dat.a-ln for the abstraction level being

considered to the gerteration of Data-Out;
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3. FEA Block-Refinement Identification: Defining a
common mechanism for establishing the System-
Estimation Impact, given the Estimation-Error and -
Block Criticality within a system design. (i.e., Highest
potential impact blocks are refined further if the
acceptance criteria for the Decision Process are not

met); and

4, FEA Assessment-Axes Metrics: Defihing the actual
metrics to be used for each of the axes-of-acceptance
associated with FEA. (i.e., defining how the criticality

of a block within a system is defined).

In the method and system of the present invention, a set of
estimate correctness curves are used to validate the FEA process. Each
of the estimate correctness curves is presented over an FEA axes, which
‘visually provides the elements and criteria for validating the FEA process.
To better explain the function of an estimate correctness curve, the
following elements and criteria are defined. Collectively, these elements
and criteria are referred to as the FEA Axes of Acceptance. These

definitions apply to both blocks and the overall system.
Power _ - per mode of operation (e.g., mW)
Performance - intra-cycle delay (e.g., ps/ns/us)

- latency (e.g., ns/us/ms)

- - throughput (objects/second - e.g., 50kB/sec)
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Area - .. - area including: gates, routing, perimeters, unused

white-space (e.g., mils)

Cost : - - - Non-recurrent engineering cost (e.g., U.S. $)
~ Cost per Unit (e.g., U.S. §)
Schedule - - Resource allocation (e.g., man-years)

- Deliverable timelines (time)

"Risk - - Possibility of error (%)

- Impact of errors (U.S. $, and/or time)

Before c_o'ndhct_ing the FEA_piocess, the customer provides the
system in'tegrato'r_ with as much of the following information as possible:
(1) A set of circuit blocks which are either in soft, fifm, or hard
format; _
(2) A set df simulators (eétimators) or previous-experience
estimates for the blocks, along with error-tolerances for the estimates;
- (3) A set of specifications describing the overall chip functionality
and performance requirements; and
(4) A set of stipulations regarding acceptable schedule, cost, and

risk for the project.

The customer may also provide: _
(5) Behavioral definitions for any new blocks to be incorporated

into the chip; and

(6) Identification of known critical issues.

Before conducting the FEA process, the system integrator should:
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(1) Determine a risk profile by which design suitability is
assessed, ihcluding: | _

a. Guard-Bands - The integrator’s over-design margin for each
of the FEA axes; o _

b. Acceptance Risk - Certainty that design will satisfy
requirements prior to accepting a customer request. This is simply
expressed as a standard-deviation measure - the Ao design-acceptance
risk; and '

c. Rejection Risk - Certainty that specified design is unable to
be assembled and fabricated with available blocks. Note that rejection is
actually a risky behavior for the system integrator: the risk being taken is
that the rejected design was actually feasibie even though initial
assessment made it appear doubtful. This is also expressed as a

staﬁdard-deviation measure - the Ro design-rejection risk.

(2) Verify that the submitted blocks, in combination with any new -
or third party blocks, are sufficient to meet the project constraints within

acceptable limits of risk.

Referring to FIG. 22, an exemplary correctness curve estimate is
shown, in accordance with the present invention. The horizontal axis is
an FEA axis, which can represent any customer constraints or the overall
constrai_nt for the system. To facilitate explanation, assume that the FEA
axis represents power. The vertical axis represents estimate correctness.
According to FIG. 22, the guardband of the power cohstraint is between

the constraint initially specified by the customer and the constraint

- modified by the FEA process. Note that, in the example given, the design

is rejected because the power constraint modified by the guardband lies
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within the rejection region. This is true even though the power constraint

initially specified is not in the rejection region.

if the modified power constraint had been between the As and Ro

markers, the FEA refinement process would have proceeded. This

process would continue to reduce the expected error variance {i.e., the

- power-error variance, in this example) until an éccept or reject decision

can be made based on a refined estimate correctness curve.

Referring to FIG. 23, a process to validate an FEA is shown, in

accordance with the present invention. The inventive FEA validation

process includes four phases:

0. Pre-FOE Phase (not shown):

Obtain the customer design constraints for each of the FEA axes
of acceptance. Modify each of these constraints by the required
guard-band. These modified customer constraints are used only
for verification of the FEA process, and are referred to simply as

the design constraints.

FOE Dominant Phase: _

The system integrator commences FEA by combining together the
FOE estimates and estimate-error tolerances to determine whether
the required constraints are guaranteed (confidence is higher than

defined by: Ac for a pass, or Ro for a fail) to be met.

(a) If, despite consideration of third party blocks, constraints are

still violated, then the design is not possible. The system
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integrator must return to the customer with a set of options

and the constraints met by these configurations.

(b) If the constraints are met to within acceptable risk, the FEA

process is complete.

(c) if there exists less-’_than—acceptable confidence of predicting
the passing or failure of the design, then the estimation phase
must commence. To enter the estimation phase, the set of
“"most-likely-to-pass” design configurations (i.e., best) must be

selected.

2. Es_tima_tion Dominant Phase: _
For the set of best designs de_rived from the FOE stage, an
| identification of criticality muét be made; i.e., given the error
tolerances 6n each of the blocks involved, which are statistically
the mdst likely to validate that the design has passed constraint
validation. This will be a product of both the size of the variance
of the FOE specification prediction for a block, and the impact

that block has upon the 'design constraint in question.

Estimation should proceed by stubbing-out as much of the non-
critical design as possible, and generating design specific

estimates for that which remains.

{a) Violation: Similar to procedure 1(a) discussed above.
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(b) Satisfaction:: -If the level of indeterminacy is unlikely to be
- reduced further by increasing the accuracy of estimation
(reducing the amount of stubbing will not improve the
estimate in any statistically significant way, due to the fact
that the error-tolerance is dominated by blocks already
included in the estimation), or a full estimate of the SOC
design has been built given existing block models, then the

best design must pass onto the dipping phase.

3. Design-Dip Dbminabt_ Phase: -
Refine the block estimate to which ihe global error is most
sensitive, then proceed as per the estimation phase. Continue
iterating this process until the FEA is confirmed or denied. The

definition of statistical criticality is similar. -

Refe_rring to FIG. 24,'a refined estimate correctness curve using the |
inventive FEA design-property refinement process of the present invention
is shown. Through the refinement process of moving from FEA phases O
to 3,_ discussed above, the ekpected error variance on the refined

estimate correctness curve is greatly reduced compared with that of the

- . estimate correctness-curve shown in FIG. 22. Thus, a decision to accept

or reject may be made based on a refined estimate correctness curve, as
shown in FIG. 24, whereas such a decision may or may not be made

based 0;1 the estimate correctness curve shown in FIG. 22.

If an FEA decision cannot be made based on the available information
and data at one phase of validation, the present invention performs a
design-property refinement process to reduce the ekpected error variance,
Based on the refined data and information, the present invention performs
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the FEA validation at the next phase. The design-property refinement
process comprises the following three aspects:

(1) FEA Data-Extraction Process; .

{2) FEA Block-Refinement Identification; and

(3) FEA assessment-Axes Metrics.

Referring to FiG. 25, the FEA Data-Exfraction Process is shown, in

accordance with the present invention. There is a standardized

. mechanism, or process, for establishing an “Estimation of System

impact” for'prediction error associated with each bloc.k in a system
design. This mechanism, referred to as Block-Refinement Identification,
ehables the required error;bqundary on properties (the FEA Design Criteria
-- e.g., power, areé, performance, etc.) of ahy specific block to be

determined for each refinement phase of FEA system-design assessment.

Let L(B) be the limit specified by the customer, as modified by any

required Design Margin, for the design to satisfy FEA Criteria B. Let the

expected value of the design as measured against FEA Criteria B be

. E(B). The Design Decision Constraint, or the “maximum error tolerable”,

for the design to be defined as pass/fail relative to the FEA Criteria B is
given by: DDC(B)= |L(B) - E(B)|. For an éxpected “Pass”, E(B) itself
must lie within the acceptance region for the FEA Criteria, and for an
expected “Fail” E(B) must lie within the rejection region. Effectively, in
the first-case for a “Pass” we requiré: Acsymem < DDC, and in the second
case for a “Fail”: Rosstem < DDC. If the inequalities are unsatisfied,

then the system analysis does not produce a decision-quality result.

It should be notec_! that, in general, the average estimate E(B) is the

final estimate of system-criteria B as produced by the previous phase of
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system-assessment. - i.e., The Medium Grain Assessment stage takes as
the average the fmai -estimate of the Coarse Assessment Stage, the Fine
Grain Assessment Stage takes as the average the final estimate of the
Medium Grain Assessment Stage. To initiate the process, the Coarse

Assessment Stage must be entered by first establlshmg a coarse-level

expected-value estlmate for each of the FEA Crlterla

For the system to be assessed relatnve to the Deslgn Declsson

" Constraint (DDC) for a partucular FEA Crltena B ‘a relationship must be -

estabhshed between the errors assoclated wnth block estlmates and the

total estimate error for the system Note that the error associated with a

block estlmate is not just the inherent error of est:matmg the B—crltena for

the block, but also the specuflc influence of that block and block-error

'upon the difficuity of estlmatmg integration cost The error in estimating

_.the block is consequently scaled by a system-erltlcaltty measure, C,

which is a measure of the difficulty in integratihg the block based upon.

its properties or lack-or-definition (error) for FEA Criteria . The

- determination as to the Pass (Fail) of the systeh') is established through

the relation of the ;set of {Coiock.Guiock | block € system} to Gsyseem and the

required inequalities: AGsystem < DDC {Rosystem _<:-DDC) for each of the

.FEA Criteria.

It should also be noted that to keep the--inelusion of the criticality
measures Culock neutral relative the system inecitialities expressed above
(i.e, osystem is formulated from an expression which combines the criticality
scaled block errors: Chiock.Obiock), the criticality measures are normalized

such that: Zuuocus(Cnuock)z = 1. The prdcess fer assessing this varies
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slightly dependigjg?iypon the class of system-property being assessed.

From the perspective of FEA, there are three classes of system-properties

each described below:

- Absolute (Block) Constraints (e.g., Intra-Cycle Delay, Throughput)

¢ Relative (Block) Constraints (e.g., Power, Area, Latency, Cost,
Schedule)
e Mixed (Block) Constraints (e.g., Quality)

For simplicity, for an FEA Criteria p define BDC as the Block Design

Constraint where: BDCobiock = A.Coiock.Guicck in the case of test for design

acceptance, and BDCoiock = R.Cuiock.Griock in the case of test for design

- rejection. Then, for each FEA Criteria:

a. Absolute Constraint: To achieve a decision-quality result each

block, or each block immersed in its immediate environment
(e.g., including routing load, etc.), must pass the DDC for the
Absolute Constraint . Mathematically, achievement of a
decision-quality resuit on an Absolute Constraint implies:

For all blocks € in the system, BDCuicck < DDC

. Relative Constraints: A decision quality result is achieved if the

square summation of block-design constraints throughout the

. system is less than the'square of the DDC. The term relative is

used as the acceptable error of assessment for this constraint
has the flexibility of being partitioned amongst the blocks,
which make up the entire system. Note that'some assessment

criteria of the Relative type may have muitiple constraints. An
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- example of this is Latency, as there may be several critical

' paths, which contribute to a valid assessment of the complete

system. Mathematically, achievement of a deciSion-quality
result on a Relative Constraint implies Zuiocks(BDChiock)? < DDC2
. assuming that all block-errors are Gaussian-distributed,

independent random-variables.

. Mixed Constraints: A mixed constraint is a type that involves
_ both the relative and absolute types of constraint. For example

- Quality is a mixed constraint. No block within a design can

exceed a specified bound on its measure of quality, but the
summation of all quality assessment across the system must
also fall to within a specified range. In this case there is both a
DDChiock for the blocks, as well as a DDCaysem for the overal!
system. Mathematically,. for a miked-constraint 'system-

property two criteria need to be satisfied:
(i) For All: block e system, BDChbisck < DDChliock

(i) Soiocks(BDChiock)? < (DDCoyatem )2

Referring 'to FIG. 26,'there_ is shown a process of identifying the need

for block-estimate refinement, in accordance with the present invention.

As shown, there are three steps in.FEA Block-Refinement ldentification,

including:
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~ 1: For each FEA assessment criteria of the Absolute or Mixed Constraint

or

type, the level of work required to achieve the absolute error
tolerances (CIC’s) is determined. As a by-product of refining a model
to satisfy the need of Absolute Constraints, some error-bounds

associated with Relative Constraints may also be reduced.

Based upon the error predictéd after the models are refined to satisfy
the Absolute Constraints, énd Absolute part of the Mixed Constraint
Type, the remaining system-error tolerance {CIC) for the system are
determined and partitioned amongst the separate IP blocks. The
partitioning will be defined in such a way as to minimize the work
required to build an estimate. The flexibility of this.partitioning is
moderated by the defined criticality of contribution for each of the
blocks within the assembled system. This defines the notion of error
impact. Note that this problem must simultaneousiy optimize
necessary work against acceptable error-tolerance along each FEA
axis.

If at any stage system suitability cannot be determined using the
proposed CIC's, these need to be tightened further and the process
re-iterated either:.

(a) for the block, if a specific absolute constraint is insufficient,

{b) for the system, if a relative constraint for the chip is

insufficient.

| Referring to FIG. 27, there is shown an FEA Assessment-Axes Metric,

containing a table defining the concept of Assessment-Axis Criticality

(AAC), in accordance with the present invention and including, where
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appropriate, exemplary criticality measures. The AAC relates to Expected

System-impact {ESI) through Expected Estimation Error (EEE) based upon

- the following relation: ESI = AAC * EEE.

| As _sl_hown. in FIG. 27, the table contains five columns, as the
following:

{1) Assessment Axis. FEA is measured based upon these criteria

(.2) Constraint Type  Each FEA Assessment Axis may have one
or multiple constraint-types associated

N with it .
(3) Constraint C_Iass. Class as defined above
(4) unting _
N Refinemen_t . Type of routing-refinement necessary to
. ensure that the impact of chip routing is of

the same degree of error as the specified

_ o block and' system constraints

(55 Criticality _Measure Standardized way of measuring the

| ci'iticality of a property associated with an

FEA Assessment Axis

Some elements of the table make reference to Routing Criticality.
Routing Criticality is defined for any output pin of a block or chip input
pad as Pin Routing Criticality = (Expected Net Length)*{Capacitance/Unit
Length). Block Routing Criticality is the sum of Pin Routing Criticality

across the output pins of a block.

The symbol: o denotes an féfféctivé’-rodting"-area scalar whereby:

a*(Routing Criticality) translates units and the scale of Routing Criticality

 into an area-applicable number.
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Power consumed as a consequence of routing requires an estimate of
activity on the lines. This can be done at a block or pin level of
resolution. When applied to the block, the activity estimate is derived

from the average activity on the output lines of the block, denoted: Ebiock.

A point connection counts as any fanout point unless several fanout
points are connected by use _6f. a shared bus. A shared bus counts as a
single distinct block. Routing criticality is a measure of the expected
difficulty in routing connections to a pin and, therefore, it is a measure of

FEA uncertainty.

Note that many of the assessment axes might be identified as mixed

constraints at some level of resolution; e.g., an area may be defined as

- mixed after initial floor plan is defined and used to partition the SOC’

design chip-level constraints into block-level constraints. However, the

dominant constraint type used during the rapid FEA period is listed.

The term Error used in the table refers to the bound on error as

relates to the property in question.

Organizing the Field of Experience Data

Designer experience is a crucial part in the system-decision process of
the BBD methodology. The BBD methodology extends the concept of
experience associated with a single key designer or architect to the
concept of “company design experience”. This general “pool” of
experience is referred to as the BBD Field of Experience (FOE) of the

present invention.
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It is the purpose of BBD method to propose four concepts and

mechanisms for the building and use of FOE. These coneepts are:

a) Data Gathering - Definition of rigorous processes for obtaining and
initiating FOE data. o

b) Data Classification - Information classification and mechamsms for

developing relevant classifications. ‘Such classification guarantees
‘that gathered data may be'statlstncally a‘nalyzed,'extrapolated, and
globally refined as the amount of accumulated design-knowledge
increases. '

c) Data Certification - Definition of a process that builds the correct

assurance of “trust” in what might otherwise be referred to as “rule-
of-thumb™ numbers. Certifying FOE data will guarantee that
estimates built from the FOE database are statistically well bounded.

d) Data Application - The mechanism for application of FOE to the

design process. This is a part of Front End Aceeptance for BBD.

Field of Expenence Deflnltlon

In BBD Field of Experience can be deflned as complled data from

measurement of prior designs classified accordmg to design styles, design

purpose, and crltlcal measurements of design characteristics. Critical
characteristics may include: area, throughput, pbwer and latency. The
definition of Experience-Based Estimation is systematic prediction based
dpoﬁ experience with similar designs or design behaviors. It follows that
the definition of FOE Estimation is Experience-Based Estimation using FOE
data.

It should be noted that this is distinct from BBD Estimation in that

it does not imply the specific analysis of the design in question, or --
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where the hardware design is actually. known from previous exposure --
specific analysis of a new behavior requested of that hardware. For
example, a DSP core may have been developed within a company and an
FIR-Filter embedded routine run upon it in a previous instantiation of the
core. It may then be requested that feasibility of an FFT algorithm
running on that same core be considered. If that first rule-of-thumb is
based solely upon the previous.algdrithmic efficiency observed when
executing the FIR operation upon the design, but without entering into
the details highly specific to the FFT algorithm, thenl this is an FOE

estimate.

Field of Experience must explicitly draw upon information derived
during a set of previous design projects. FOE data must be able to be

catalogued, stored and accessed through a standard database.

‘There are three différent classes '6f' exberiehce-based data used in

- design, each form of data being associated with a specific error profile:

a) Project Data - Designer-requested estimate at project time. The
designer does not draw upon the experience of others as logged in
the FOE database, but more upon his own uncatalogued design
experience. Error in the design es_tin‘iate is given by a 'Designer-Error
Variance, which has been obser\)ed for general designs. Designer-
Error Variance is built from measuring a general -history of designers’

ability to accurately predict resulits.

b) Predicted Data - Within a des'ign classification but without a specific

project in mind, a designer is requested to give his best-guess
parameter-relationships for extending existing FOE data. In this case,
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the FOE data being extended may. consist of as little as a single
design-point. Error for this is in part specified by the designer’s best
guess at the parameterization error, but also modified by the history
of designers’ ability to accurately predict results. Assuming statistical

independence, these error variances would be summed.

c) Collated Data - Coflected, classified and parameterized data from a

set of design experiences.. ‘There is a poss_ibility of measurement error
directly associated with this data, but this is likely to be minor. The
main error is defined as the difference between measured results and

those predicted by the variation of data-parameters.

Note the Project Data is not a form of FOE data as it provides no
mechanism to extend the current estimates to future designs.’
Furthermore, as Project Data is gathered at the commencement of a
project, not the completion, it is not verifiable against catalogued'design '
experience. This implies that it is not certlfled ‘Any data gathered from -
Final Measurement of the design may be entered into the FOE database,
and the accuracy of the Project Data versus Final Measurement be used

to refine Designer Error Variance for the company.

Predrcted Data are referred to as FOE seed-data Predlcted Data may

be |mmedrately applled to FOE estimation on hke desrgns

" A common classification of the types of data received must apply to
both of the above sources of FOE data. Such common classification
permits the quick identification and cataloging of received data. Initial
classification-specification is regarded as the planning stage for FOE, and

the entering/gathering of data is the building stage. As the amount of
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information in the FOE database grows, the refinement process is applied
to reduce error tolerances to within those being observed statistically. in

parallel with all three of these stages is the FOE certification process.

The parameters listed above are uéed to extrapolate from existing,
general FOE data to déri\)e proje'ct-sp.ecific FOE estimates. Such a
relationship between extrapolatéd esiimafes and FOE data' is preferably
defined for each design classification. Each par.ameter FOE relationship
may be defined by a designer’s personal experience (see Predicted Data
above), or may be empirically specified through curve-fitting the FOE data
if sufficient information is available. Parameters might include such
technical variables as pipeline depth, degree of parallelism, bit-width, and

clocking-speed.

It should be noted that FOE applies not only to design blocks, but élso
to the interconnect between the blocks. In such cases, FOE may be
specified as the cost of routing between blocks of one classification and
blocks _of another. Like the a_bplfcation to bloc_ks, FOE estimates for

interconnect may also be parameterized.

Estimating with Maximum Accuracy:

A key aspect of FOE is the generation of estimates of maximum

accuracy given the data provided. This is a twofold process:

a) 'Refineme.nt - As men_tioned. above, refinement is the process of
reducing the error-of—éstimaté to within that being observed
statistically. That is, when the amount of FOE data in a specific
category is small, the error tolérance for the data is large. This is not
due to an inherent error, but rather to the dnknown {or untested)
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b)

- applicability of the parameterized data to other specific d'esigns. As

the number of examined designs increases, the statistical spread of
data can be measured directly against parameterized predictions.
When a Iarge number of cases are catalogued for a specific
classlflcatron of desngn, then the accuracy of the parametertzataon
method will be well established. Identlflcatron of large correlated
error (as opposed to random spread of data) could motivate the re-

thinking of the parameter relatronshlps

Classification Collapse - The different classifications of designs may

be related by proximity to one another. For example, the Butterfly
FFT implementation may be one classification of design, but all FFT
blocks may be regarded as closely proximal to this design. If the
number of data associated with a particular classification of interest is

too small to be statlstrcally srgnrfrcant then close proxrmaty FOE data -

| may be collapsed together to reduce the overall estimation error. The

| collapsmg of cIassrflcatlons together will itself induce an error due to

the slight dlfference in deslgn types, but the statlstrcal improvement
in terms of number of designs consrdered may overwhelm this
difference-error. it is preferable to compute a curve such as that

shown in FIG._ 28, and from that pick th_e‘ configuration of best error.

The process/use model for FOE is therefore as follows:
I. Choose Block Classifications appllcable to block being assessed
1. Does enough data exist for that classrfrcatnon7 (r e., is the
Expected Error suffrclent?)
Yes - Return the best FOE estlmate and END

No Proceed
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lil. Collapse categories of close proximity until estimate error ceases

. to.improve

V. Is thé'Expected Error sufficient for FOE estimatibn? |
Yes - Return the best FOE estimate and END

No - Proceed

V. Ask the designer to generate his best guess for the design. (This
may be a dip into the Estimation Phase of BBD.)

FOE Certifying

Certification of FOE is the process by which the FOE information
gathered is shown to be reliable. This certification process will establish

the error of estimation during the Building and Refinement stages. -

‘There are two aspects of certification:

a) Certification of Completeness - all FEA metrics must be measurable

through the parameterization schemes provided.

b) Certification of Accuracy - including experience measures for
| designer, and the definition of process to ensure accuracy of collected

data.

Glue_Logic_' | ‘
| The present invention further discloses an improved glue logic
distribution and reduction methodology. The combination of th'ree
alternative glue logic distribution mechanisms comprises a preferred
embodiment of the present invention. First, glue logic that is not
. incorporated into predesigned blocks can be duplicated into multiple
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copies for distribution to the existing blocks. Second, logic that has no
affinity to a block at the top level can be left as small blocks, optimally
placed to minimize effective gate monopolization, wiring congestion, and
floorplanning impact. Third, where the number of _blbcks exceeds the
block place and route limitations, glue 'Iogic may be clustered into glue

cluster blocks until the block count is reduced to an acceptable level.

Referrlng to FIG. 29, there is |Ilustrated a clrcmt design view
wherein glue logic 2910 resndes disadvantageously between
interconnected blocks, thereby rendering inefficient the use of significant

areas of silicon real estate and creating significant wiring congestion.

Referrihg to FIG. 3'0, we will begin with a description of the
present méthod ft_:r éreaﬁhg multiple cdpiés of glue logic for distribution
to larger tdp-level blocks. If an element 3010 has output nets driving
multiple loads, the element is spl'it into multiple elements 3012, each
having only a single load on the output. In turn, each input “cone” {not
shown) driving the duplicated element is copied as well, untit all block
outputs are reached. Similarly, large input gates are reduced to trees of
non-inverting fwo-input gates, with a two-input gate of the original
function at the top of the tree. in this way, substémtially more logic is
dedicated to the previously much smaller glue logic function. However,
by removing glue logic from the areas between the larger blocks, the
larger blocks can be more efficiently placed, resulting in a net efficiency

increase.

- Any glue logic element that cannot be effectively duplicated for
distribution is then preferably merged into a larger block having the
closest affinity to the placed element. Glue logic merger is executed in a
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manner based on a number of criteria, the most significant of which is
whether the merger reduces the number of top-level pin-outs. Thus,
when multiple copies are created, since most of the resulting logic is

comprised of two-input gates, merging such gates into blocks wherein

one pin is connected to the block reduces the pin count by two. When

two or more blocks are equal candidates for merger, the block having the
lowest pin density is preferably chosen. Finally, the lowest priority

preferably goes to timing considerations.

Next, referring to FIG. 31, gates and small blocks 31 1.0 that cannot
be merged are clustered into clusters 3112. Gates that cannot be
merged most likely have multiple loads on both their input and output
nets. By recombining gates with inputs having similar function, gate

count can be reduced.

The present invention further discloses a method to convert pre-

designed circuit blocks into circuits having standardized interfaces.

The tasks performed in the block design stage 106 in FIG. 1

include: (1) creating any missing abstracts for the selected circuit blocks,

- {2) embedding the circuit blocks into their respective standardized

interfaces known as collars, and (3) creating a complete set of abstracts

for the collared circuit blocks.

Referring tb FIG. 32, a collaring prbcess of embedding a circuit

block into a collar is shown, in accordance with the present invention.

Iin the BBD methodology, selected circuit blocks are the primary

input components at the chip-level. The collaring process places a collar

51



10

15

20

25

" WO 00/19343 PCT/US99/22984

around each of the circuit blocks to create a standard interface around
the boundary of the circuit block. To successfully integrate collared

blocks into the chip-léve‘l, a complete set of abstracts has to be created

- for the collared blocks. Before creating the complete set of abstracts for

- the collared blocks, the system of the present invention first forms any |

missing abstracts for the selected blocks, where abstracts are models or
views of the block, or collared block designs required by chip-level

assembly or planning tools. Exemplary abstracts include :

(1) Static Timing Abstraction - TLF
(2) Layout Blockage File - LEF
(3) Models for Verification - Bolted-Bus-Block model -

(4) Block layout constraints to the system

Referring to FIG. 33, creating a complete set of abstracts of a
circuit block is illustrated, in accordance with the present invention, while
FIG. 34 illustrates a combination of the features illustrated in FIGS. 32
and 33.

We will move next to a description of the collaring process,

wherein it is assumed that a standard interface has been defined for each

.type of the blocks to be used in design.

At a first step, the process checks whether each of the blocks has
a completed block abstraction. If any of the blocks does not have a
comblete block'abstraction, the process forms a complete block

abstraction for the block.
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Next, the process identifies a blodk type for each of the blocks.
Specifically, a block can be: a memory type, a processor type, a power
type, or an analog/mixed signal type. However, a type of circuit blocks
from different sources may have different interfaces that require different

designs to connect other circuit blocks. For example, the processors

designed by different vendors may have different interfaces and bus

structure.

Next, the process assoéiates the identified block with its respective

interface standard.

Thereafter, the process creates a first collar portion containing the

components connectable to the specific interface of the identified block.

At a next step, the process creates a second collar portion in
compliance with the standard interface associated with the identified

circuit block.

The process then creates a third collar portion containing the
components for converting the specific interface into a format
connectable to the standard interface and connecting the first collar

portion with the second collar portion.

A block collar can be comprised of multiple iayers. Currently, two
collar layers (a block standard collar and a system-sbecific collar) have
been.defined for BBD and SOC, re.épectively. Referring to FIG. 35, a
collar containing two layers is shown, oné collar being standard for a
particular block, and the other being specific to the particular system in
which the block is to be deployed. The block standard collar contains
those interface components that can be defined without the knowledge
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of the specific system or the specific context in which it is being

integrated. For example, in the context of BBD, a particular design group

- may decide that a JTAG-standard test interface is required in a design.

Thus, for all blocks to be used in any of the systems beihg'designed, a
JTAG test interface is a standard and, thus, be'llo_ngs in the block standaid
collar. The system-spe'cific collar {or adaptatioﬁ collar) contains interface
components which belongs to the block, but are system or context
specific. For example, the staﬁdard set for data lines may not require a
parity bit, buf for a particular systém being deéigned a bai’ity bit is
required on all data lines. The logic to generate the parity bit is
associated with the block during chip ptanning and shoutd reside in the

system-specific collar,

Another distinction between the two collar layers in BBb is that the
block standard collar can be put on pribr to front end acceptance and chip
planhing {chip planning may require that an initial collar is designed as
part of a dipping_ process' to better perform the chip planning functions

required), but the system-specific collar can only be added after chip

planning.

A more subtle difference between the two collar types is that the
standards set for the block standard collar may be much narrower in
scope than the standards set in SOC. For example, a certain power

interface can be a standard for BBD, but only for a particular company,

‘and the other cdmpaniés do not need to conform to that standard power

interface for the block. Cbr'\sequently, the' blbcks from outside of the

company need a system-specific collar, which converts the standard

‘power interface to the company one. This is contrasted with SOC, where
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an industry-wide power interface standard exists and resides in the block
standard coliar. The ultimate goal in SOC is to create a standard collar
that is an industry-wide standard. A block that has such a collar can be
called a socketized block. In the future, if all the aspects of the collar are
industry-wide, there will be no need for an additional layering of system-

specific collar, thus bringing the block closer to the ideal of plug-and-play.

Another dimension to the system-specific collar is that, although it
is intended to be designed after chip planning, one can speed up the chip
integration process by making a systém-specific collar in chip planning,
wherein the parameters for capturing the ranges that the system-specific
collar will have to be targeted. This speeds up the integration process
since, after chip planning, only the parameters.need to be varied while

the system-specific collar does not _have to be re.-deéigned from scratch.

The coila_rs and blocks can be in various combinations of soft, firm,
and hard. Just as there are advantagé's and disadvantéges as to the
hardness of a block, there are advantages and disadvantages to
combinations of softness, firmness, and hardness of the collars. For
example, if the block itself is soft, it may be suitable to leave the block
standard collar soft so that when the system-specific collar is added, the
entire block can be synthesized, placed and routed flat for the final
conversion to layout. Whereas if a block is hard, it may be suitable to
use a hard block standard collar to handie predominately physical
interface issues with only a small amount of standard functional changes,
since a soft system-specific collar to handle the system-specific issues

mostly involves functional changes.
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- A collar transforms.a block-specific interface into a standard
interface in the following ways:

(1) transforming the physical configurations specific to the block
into standard physical configurations, including pin layer, pin location, and
pin separation; |

(2) transforming the power supply specific to the block into a
standard power supply, including power loading and power physical
location; | | . | | |

(3) transforming the test. process specific to the block into a
standard test process, incl'uding test access port (TAP) éontroller and test
protocol; | | '. |

(4) transforming the timing specific to fhe block into a standard

timing, including setup and hold time, flip-flop, or latch;

(5) transfofrriing fh‘e clock ports specific to the block into standard
clock ports, including the loading of each of the clock ports;

(6) transforming data/control signals specific to the block into
standard data/control signals, including standardizing signal
positive/negative assertion; and

(7) transforming the bus interface specific to the block into a '

- standard bus interface, by adding registers for blocks expecting valid

input on all cycles, big-endian or little-endian (a big-endian has the O bit -
on the left end of the data unit; a little-endian’s is on the right), and

converting bit width.

In additio'n; a collaf méy contain cdfnponents (glue logic, as
described abové) for performing extra functions for a collared block. Glue
can exist in three levels: (1) the giue deployed into a collar, (2) the glue

combined at chip-level, and (3) the glue deployed in one or more mini-
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blocks at chip-level. Specifically, glue logic can include anything from
simple functional translators (e.g., NAND gates along each of the bit
lines) to more complicated functions (e.g., registers, accumulators, etc.).
Although gliue logic can be of arbitrary size, if the glue size becomes
significant relative to the block, estimates made during front-end
assembly and chip planning may become inaccurate because giue size
was not considered. A constrgint may need to put on the relative size of

the glue to the block.

A set of assumptions are used in the collaring process, as follows:

(1) The decision of whether or not to add giue logic is made in chip
planning; | _

(2) Of the three types of glue logic {glue put into collars;
combination glue at chip level; glue put in mini-blocks at chip level), the
collaring process preferably only addresses glue put into collars;

(3) Aspect ratio issues are handled during synthesis (nbt in block
collaring); and

(4) For BBD, the output of a collared block is llayout. .

Referring to FIG. 36, a logic view between a collar 602 and a block
604 is shown, illustrating some exemplary functions of a collar discussed

above in accordance with the present invention.

As shown in FIG. 36, the collar 602 includes three portions
performing three different functidns. The first portion contains
components that is connectable to the specific interface around the
boundary of the block 604. The second portion contains the input output
components in compliance with a standard, and the third portion contains

components to convert the outputs from block 604 into the standard.
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Specifically, in coliar 602, the bus interface 606 combines two
one-directional ‘buses 608 and 610 into & bi-directional bus 612. Test
Access Port 614 is connected to i_nput61 6 to collect the information -
from and perform testing on block 604.  The gate 618 inverts the

incomning signal to a format suitable for block "604, as received by gates

- 819, and gates 620-624 perform clock buffering.

Referring to FIG. 37, a physical view between a collar 702 and a
block 704 is shown, illustrating some exemplary: functions of a collar

discussed above in accordance with the bresent invention. In FIG. 37,

- collar 702 and block 704 both contain muitiple metal layers. A power

standard exists for deploying the Vdd voltage on metal layer 3 (M3) and -
GND on metal layer 4 (M4). If block 704 does not comply with the
power standard, coliar 702 converts the power to comply. The region -
706 sets a pin spacing/layer standard. If block 704 does not comply with
the pin spacing/layer standard, collar 702 converts it to comply with the
pin spacing/layer standard. Collar 702 also contains glue 708 in a hai'd

state.

Referring next to FIG. 39, a system design 800 is shown without

~ using the collaring process of the br'esent invention.” As shown in FIG.

38, the system design 800 is composed of four circuit blocks A, B, C,
and D. Each arrow line connected to a block represents a constraint to
design an interface for that. block. Thus, if a syetem is composed of n
circuit blocks (n 4 in this example), the mterface for any particular block
may need to satisfy up to n-1 sets of constramts Therefore, the total

number of constraints that need to be satlsfled for all blocks is O{n2).
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Referring toFIG 40, a system design 900 is shown using the
collaring proces_é'ﬁf the present invention. System design 900 is

composed of four circuit blocks A, B, C, and D. Each arrow line

‘connected to a block represents a constraint to design an interface for

that block. Using the collaring process of the present invention, each
block needs only to satisfy one set of constraints defined by the collaring
interface. Thus, if a system is composed of n circuit blocks (n=4 in this
example), the total number of éonstraints that need to be satisfied for all
blocks is O(n).

Referring to FIG. 38, a computer system 1000 for performing the
steps for collaring and the cher inventive BBD processes discussed
herein is shown in accordance with the present invention. The computer
system 1000 includes a system bus 1001, a processing unit 1002, a.
memory device 1004, a disk drive interface _1006, a hard disk 1008, a

| _display inferface 1010, a display monitor 1012, a serial bLis interface

1014, a mouse 1016, and a keyboard 1018.

The hard disk 1008 is coupled to the disk drive interface 1008; the
monitor display 1012 is coupled to the disp!ay intgrface 1010; and the
mouse 1016 and keyboard 1018 are coupled tb the Serial bus interface
1014. Coupled to the system bus 1001 are.the processing unit 1002,
the memory device 1004, the disk drive interface 1006, and the display
interface 1010.

Memory device 1004 stores data and programs. Operatihg
together with the disk drive interface 10086, the_ hard disk 1008 also

stores data and programs. However, memory device 1004 has faster
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access speed than hard disk 1008, while the hard disk' 1008 normally has
higher capacity than memory device 1004.

Operating together with the display interface 1010, the display
monitor 1012 provides visual interfaces between the programs executed
and users, and disb!ayo the outputs generated by the programs.
Operating together with the serial bus interface 1014, the mouse 1016
and keyboard 1018 provide inputs to the computer system 1000.

The processing unit 1002, which may include more than one
processor, controls the operations of the computer system 1000 by
executing the programs stored in the memory device 1004 and hard disk
1008. The processing unit also controls the transmissions of data and

programs between the memory device 1004 and the hard disk 1008.

In the present invention, the prbgra_ms for performing the steps

discussed herein can be stored in memory device 1004 or hard disk

1008, and executed by the processing unit 1002, as will be understood -

by those skilled in the art to which the present invention pertains.
Bus Identification and Planning

- The methodology of the present invention also provides for
meeting the performance requirements of the overall design of the system
desired by the end user or design team, as defined during front end
acceptance (described above) While performance dictates the primary
consideration for the deSIgn methodology of the present invention, a
secondary consideration is reduclng the gate count during bus type

selection, since bus size can vary between available bus types such that
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a large, simple bus consumes more logic than a smaller, more complex

one.

Turning first to FIG.41, there is illustrated a selries of steps
comprising the method of the preseht invention. At step 4110, Front-End
Acceptance of the customer’s initial specification is completed. This step
has been described in detail above. Next; at step 4112, predefined bus
requirements are analyzed, as.explained below. At step 4114, bus
clustering is planned while variables including Iatenéy, bandwidfh,
direction, and existing interfaces for each of the blocks are analyzed as
well, making reference at step 4116 to a bus taxonomy reference library.
Next, at step 4118, new bus specificati.ons are déveloped ahd at step
4120 the new specifications are verified, including generation of a
compliance suite and bus model verification substep.' Steps 41 18 and
4120 are performed with reference to block prestaging step 4122,
wherein new block specifications covering arbiters and bridges are
created, block specificatidns, including collars, are modified, glue

speéifications are defined and testbenches are created.

We will begin with a‘discussion of bus planning, including
translating front-end specifications into top-level bus specifications. In
the available art, system designers start with a high-level functional
model or specification of the system being designed. Using 5ystem
expertise and knowledge of similar systems, the designer constructs a
high-ievel diagram of the bus structure for the design. The designer
usually has a rough idea of the traffic on each of the buses, and can
e's"timate how many buses and of what complexity are needed. Buses are

designed to meet required system performance while minimizing interface
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logic and design effort. Designers then use this architecture to create a
bus functional model to verify that the design operates as defined in the
specification.” This traditional process has been d'ifficult to quantify
because results vary wrth the expertlse and past experrence of the
desrgner The tasks deflned herem apply a formal structure to the process
of deflnmg bus structures in chip design. However these tasks require at
least the average level of sklll in the relevant bus and system

development arts to achleve the best results

| Bus Protocols

Buses provide the preferred commumcatlon medlum between
circuit blocks in a design. A bus, in its smplest form, can be a collection
of point-to-point -conn'ectio'ns that require little logic but many wires. A
simple bus transfers d_ata between blocks at every clock cycle. While
some block_s mig_ht'. re_quir_ethis type ef_information transfer, most blocks
ina system need lnformation from other blocks only occasionally And
since chip pins are very expensive in large system deslgns, buses are
normally used to reduce the number of chlp pins needed and to allow
periodic communication between many different blocks in a system with
little loss in performance. To do this, designers must add logic to each of
the blocks to keep track of data transfer scheduling.issues, such as:
which block can use the bus wires; what block the data is being sent to;

when the sender sends the data; and whether the receiver gets the data.

‘These issues are handled by control signals on the bus and the

establishment of a procedure for controlling communication between

blocks (the bus protocol').
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Two examples of bus protocol are the peripheral bus and the
packet network. In a simple peripheral bus protocol, one device controls
the bus. All information and data flows through this device, which
decides, one case at a time, which block will send or receive data.
Although peripheral bus processing requires relatively little logic, it does
not use bus wires efficiently, and is not very flexible. Packet network
protocols are relatively complex. All the information about which block
sent the data and which block must receive it is stored with the data in a
packet. Packet protocols let any block send data to any other block at
any time. This protocol is very flexible and uses the bus wires efficiently,
but each block needs a lot of logic to know when to send packets and
decipher the packets it receives. Other bus protocols have different
levels of flexibility, utilization, and latency (initial delay in trans’férring
information from one biock to another on the bus). A taxonomy for

different bus types and their protocols is provided in FIG. 59.

The BBD bus design methodology of the present invention
preferably'usés defined bus ty'pes. The designef is hot éxpected to
develop buses from scratch unless they are. part of an authored block.
Also, the designer preferably logically connects biocks to existing,
well-defined bus types rather thén creating cbmplex buses. 'The BBD
methodology of the present invention therefore treats buées as signal
connections between blocks. The logic for the bus is preferably |
distributed among the blocks in the design, as is tHe glué logic for
allowing the buses to communicate outside the buses, és'described

herein above in the glue logic section.
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' All-logical interconnect is treated -as-either simple or complex
buses. ‘Simple forms of interconnection ‘are defined by the bus -
connection rules, but a specific protocol for complex buses is preferably
not defined. The BBD methodology of the present invention preferably
supports buses that: have hierarchy; are completely contained within
blocks; have wires external to blocks; are com'pletely contained within
one level of logical hierarchy; are co’mpletely_contai.ned within one level of
physical hierarchy; are comptiant with VSI's on-chip bus (OCB) attributes
specification; and are verified with compliance transaction vectors. Also,
many of the out-of-scope conditions for BBD are preferably supported in

SOC methodologies under the present invention.

Buses are preferably either completely contained within blocks or
de‘fined as interconnect at the top hierarchy level. Buses that are defined
at the top level are created at that level, allowing- bus components to be

distributed among and W|th|n the blocks.

To defme buses for a BBD chlp, the followmg steps are executed
each of whzch will be described in detail below:
Extract Bus Requirements
Define Buses Based on Clustering
| S.ellect Buses
Specify the Bus Design
Reference the Bus Taxonomy

Verlfy Bus Selectlon

Block Design Assumptions
In the BBD methodology, when the designer specifies the bus
design, he or she must connect to block structures. This task assumes
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that if a firm or hard block contains a specific bus interface, that interface
is soft, as defined above with reference to collars. It also assumes that
blocks of all types contain a simplified interface between the bus

interface logic and the actual function of the biock. This is not an
unreasonable assumption for peripheral blocks because many third-party
block providers have created their own simple interface so users can add |
bus interface logic. Blocks that are tailored to multiple designs have

separate internal functions and bus interface logic. The internal interface

. allows one to reuse these blocks with different buses. When a hard block

has specific bus interface logic that cannot be separated from its internal
function, a more complex bus protocol translation must be added to the
block. In either case, the resulting bus interface logic becomes part of

the soft collar created during block design.

Extracting Bus Requirements

Data received from the front-end acceptance task includes the bus
nets, signal nets, and pins on each of.the blocks. There are four
categories of signal nets: 1) predefined bus signals, which are block pins
and nets comprising a bus, such as a PCl or AMBA bus, required by
certain blocks such as proceésors; 2) bus Signals, which Iare block pins
and nets that must be buses, such as Read and Write signals; 3) possible
bus signals, which are block pins and nets that might be wires or buses;

and 4) signals, which are wire nets and are not dealt with by buses

When the designer has determined the signal types, data received
from the front-end acceptance task is organized according to these four
types of signal nets. For type 1 and 2 nets, the data necessary to create

a bus must either be provided by the customer or otherwise available.
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The required data is further defined in VSI‘s On-Chip Bus (OCB) Attributes

‘Specification OCB1 1.0, which is incorporated h‘erein'-by reference.

In additi_onal,_ each bus that is specified or mi_gh.t.be. used in the
design must have: a complete user’s guide sufficient to create the bus;
an implementation guide that defines the physieal_ requirements for the
busr a complete set of simulation tools to test and verify the bus; and a
list of .technical attributes and how the bus compares with the list. Also,
to create buses that comply with the VSI’s On-Chip Bus Attributes
Specification, vendors must provide the docurrrentation and models

described below.

User’s Guide and Simulation Tools

. The user's guide and simulation tools are used in bus de3|gn to
burld and test bus components. The set of srmulatron tools includes
models wrltten in behavioral Verilog and/or VHDL for the following
elements bus master; bus slave, bus support functions (arblter, address
decoder), and standard bus brldges These are used to venfy the bus, as

described hereln in the section related to bus verification.

Implementation Guide

The implementation guide is used in block design, chip assembly,
and subsequent tasks in chip design planning to describe the attributes of
the buses. The following i'nformation is passed to block design as part of
the_block speeifications: special cells required; bhy_s_ical properties of the
cells; bus multiplexing or steering options; merr\ory map; power
distribution; and timing guidelines. Timing and maximum loading
guidelines are also used in subsequent steps in chip desigrx planning.

66




10

15

20

25

-~ WO 00/19343 - PCT/US99/22984

Timing guidelines, maximum loading, and restrictions on bus layout or
wiring-are passed to the chip assembly task for use in bus

implementation.

Technical Attributes List

The technical attributes must be translated into a form that can be
maintained as bus attributes in the bus taxonomy reference library. The
bus taxonomy reference and the bus type table are therefore used by the
designer to choose the bus types. For predefined bus signals, the
designer checks to insure that the required connections can meet the
maximum loading and timiﬁg guidelines, and that bus layout and wiring
restrictions can be met during chip assembly. If not, the design is sent

back to the front-end acceptance task to be modified by the customer.

Defining Buses Based on Clustering

To define buses based on clustering, the desigher uses the
interconnect bandwidths and latencies recgived at front-end acceptance.
This step détermines, for each of the clusters ahd blocks Within fhe
clusters, the latency, bandwidth, existing bus interface types, and
direction of data flow. This information is then passed to the next step,

selecting buses.

A bus hierarchy is defined by"clustering the higheét bandwidth and
lowest latency bus interconnect. Possible bus signals that are o
point-to-point nets can be eliminated from this and subsequent bus
analysis and design, since these signals are provided directly to the chip

assembly task for routing.
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Create the Communication Manager Behavioral Model - -

- The behavioral model of the chip as verified contains behavioral
models and an abstract model of the interconnect between blocks.
Typically, this interconnect is a software mechanism that transfers data
among the test bench and blocks. Ideally, it is a form of communication
manager, possibly a scheduler, to which all the blocks are connected. At
the other extreme, the interconnect may also be a directly connected

point-to-point interface in the behavioral maodel. -

The cnmmunication manager or, as referred to hereafter, the
scheduler, is usually at the top level of the simulation module.

Pseudocode for such a scheduler m_ighi look like this:

While queue is not empty Do;
Get next transaction from queue;
Get target block from transaction;
Call Target Block(transaction);

End; '

_ln't.his bseudocdde exarnple, each block does the fol.llowing:

Target Block (transaction);
Do block’s function;

Add new transactions to the nneue;'
- End; '

At this code level, neither timing or bus size are defined. All -
communicaﬁon_is done in transactions or by transferring information
packets of any size. The transactions might include possible bus signals
and non-bus wires so that al! communication between blocks goes

through the scheduler.
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Alternatively, the designer may modify the block pseudocode to
send and read the non-bus signals asynchronously. In this case, each

block does the following:

Target Block (transaction);

Get non-bus signal values from top level;

Do block’s function;

Add new transactions to the queue;

Apply new non-bus signal values to top level;
End

It should be noted that, for the sake of simplicity, these examples
do not include non-bus signals. However, the designer can make similar

adjustments to the examples that follow to include non-bus signals.

A pattern set is a collection of vectors in a test bench that force
one block to communicate with another block. The test bench must
include enough pattern sets to execute the functionality of the entire
chip. The designer must assign target performance levels to each of the
pattern sets at a coarse level. For example, if there is frame data for an
MPEG decoder in one pattern set, the designer must be able to define
how long the target hardware takes to process the frames in that set. If
the designer knows that the output rate must be about 30 frames per
second, the processing rate must exceed that number. These
performance targets are used in the subsequent stages of this process to

define the required bus bandwidths.

The blocks selected for the chip must have some cycle-
approximate performance specifications. If the behavioral models do not
already have these specifications, they should be incorporated into the

model in this step.
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-Figure 42 illustrates the internal-structure of the interconnect
section of the behavioral model. First, the test bench and requirements
are received. Next, the preliminary scheduler is created. Interconnect
manager/scheduler 4210 transfers information between the blocks in the
design and schedules their execution. Interconnect 4210 is then
modified, and modified interconnect manager 4212 includes statistics
gathering and a delay matrix that is added as the model! is adjusted to

cycle-approximate operation. Finally, the test bench is again utilized for

testing and design iteration. The details of these modifications are

" described in the sections that follow.

Modify the Model to Account for Latency

Some designs have no specific latency requirement. Other designs,
such as hubs and switches, are sensitive to data latency (the length of
time it takes the first unit of data to go from the sender to the receiver).
Most network devices, especially asynchronous transfer mode (ATM)
devices, have specific latency requirements for information transfer,
which translates into tight latency requirements for the components

within the networks and for the buses. Once the designer knows the

- latency requirements for the design, he or she adjusts the interconnect

model as follows. First two matrixes are created for each pattern set that
specify 1) the amount of data to be transferred between blocks, and 2)
the number of transactions executed. Second; a matrix is created for
each pattern set that specifies cycle count approximations. This second

step is not necessary for deSigns with no latency requirements.

Data Transfer Matrix
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To create a data transfer matrix, the designer first adds the amount
of data that is being transferred from one block to another to the
communications manager model. Next, using a spreadsheet tool, the

designer accumulate this data in a table for each pattern set.

For example, the table for a chip with three blocks and a test
bench would be a 4x4 from/to table with the sum of all data transferred,
in bytes, in each entry in the table. The diagonal would be all zeros. It
should be noted that a more practical model takes into consideration the
buses going into and out of the chip, so the test bench would probably

have more than one entry on each axis.

An example of a data transfer matrix is illustrated in the table of
FIG. 43. The design behind this matrix has three blocks and three ports

for the test bench: an interface to external memory, a PCl interface, and

- a parallel 1/0 interface. As shown in the table, the data transferred from

Block 1 to Block 2 is 10,000 bytes, and the data transferred from Block 2
to Block 1.is 8,000 bytes. -

Thus, the first step in creating a data transfer matrix is to create a
table, with a count of all transactions, as illustrated in FIG. 44, showing

transactions for exemplary Pattern Set X.

To create the tables illustrated in FIGS. 43 and 44, the designer

may modify the scheduler pseudocode as follows:

While queue is not empty Do;
Get next transaction from queue;
Get sender block from transactions;
Get target block from transaction;
Get Transaction byte count;
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* Transactions Matrix {sender,target) ~ -
- = Transactions Matrix(sender,target) + 1;
Transactlons Matrix (sender ,target)
= Transactions Matrix(sender, target)
+ Transaction byte count;
Cali Target Block{transaction);
End;

Because non-bus block-to-block wires have some delay (typically, at ieast
one clock cycle), these are preferably added as separate transactions in

the timing queue, in addition to the bus transactions.

Latency Matrix
Since the clock cycle time for each block has already been defined
at front-end acceptance, the designer can then translate raw performance
into cycle counts as follows: |
1. To reflect the cycle-approximate operation defined in their
- specifications, the designer adds the estimated clock cycles for
each block to its existing behavioral model. This step is preferably
executed before sending the block to the block design task, but

after verification.

2. The designer integrates the blocks back into the chip model.
- The chip model will then have cycle-approximate blocks with no

time defined in the interconnect.

3. The designer uses a spreadsheet to set up a table similar to that
illustrated in FIGS 43 and 44. Instead of the number of bytes
transferred, the: desngner speclfles the number of cycles each
transfer takes, from the time the data is available to the time the

data arrives at the next block or test bench (latency).
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4. The designer modifies the interconnect model to use the

performance values illustrated in the new table.

Figure 45 illustrates an exemplary latency matrix. A pseudo code

example of these modifications is shown below:

5 While queue is not empty Do;
Get next transaction from queue;
Get time from transaction;
Get target block from transaction;
Call Target Block(transaction, time);
10 End;

Where each block does the following:

Target Block(transaction,time);
Do block’s function;
15 Set Transaction times to time + delay + Latency(this block,
target);
Sort new transactions to the queue;
End

It should be noted that the entries that read “0” in FIG. 44 indicate that
20 no data is transferred and as such are not applicable to the latency

matrix.

5. The designer modifies the test bench to include the chip latency
requirements with estimated interconnect cycle count delays using

knowledge of the design data flow.

25 6. The designer simulates the design to see if it meets the cycle

requirements.
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-7. - The designer modifies the latency ratrix, and repeats the
“verification process until the cycle requirements of the chip are

met.

To create a table with the maximum cycle counts available for each
type of bus transfer, the designer should use large cycle counts to begin
with and reduce them until the sp.ecifications are met, since tighter
latency requirements translate into more gate-intensive bus interconnect

schemes.

Determine the Cluster Measure

Next, to reflect the natural clustering of the data, the designer
reorganizes the data transfer rﬁatrix. by moving the largest counts closest -
to the center diagonal. There are a number of ways to perform this

process; the preferred method is referred to here_'in as pivoting. The

| purpose 6f pivotihg is to cluster blocks With the highest transfer rates to

minimize the number of pins required. The designer may set up a

spreadsheet to do the calculations automatically.

To measure how effective 'cluste'ring is, each site in the data
transfer matrix must be accurately weighted. This example uses a
distance matrix, illustrated in FIG. 46, to weight the sites. In the table of
FIG. 46, each cell contains the square of the distance that cell is from the
diagonal. Other measures to weight the data transfer matrix sites may be
used, however, the square of the distance is preferred since it has been
shown, in placement algoi'ithms, to converge quickly while allowing some

mobility of elements in the system, which higher-order measures restrict.
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Next, the designer multiplies each cell in the data transfer matrix
by its-corresponding cell in the distance matrix and adds all the values for
all the cells together. The result is the cluster measure. The cluster
measure of the matrix in the table of FIG. 43 is 428,200. The lower the

cluster measure, the more effective the bus clustering.

Pivot Blocks

To try to get a lower cluster measure, the designer should pivot the
data transfer matrix by swapping rows one by one and recalculating the
cluster measure after every swap to see if the cluster measure improves.
One can swap rows by performing a sort, where the sites are elements in

a list to be sorted, as illustrated in pseudocode below:

. Get Current cluster measure of matrix;
Do for Current site = site 1 to n-l in the matrix; N
Do for Next site = Current site + 1 to n in the matrix;
Swap Next site with Current site;
Get Next cluster measure of matrix;
If Next cluster measure > Current cluster measure
Then Swap Next site with Current site back to
original location.
Eise _
Current cluster measure = Next cluster
measure;
End
End;

This sort is similar to a quadratic placement algorithm, although the
interconnect is bandwidth instead of connections. The designer can use

other methods that provide similar results instead of this one.

- Pivoting as illustrated above preferably produces, for example, the

-matrix of FIG. 47, with an improved cluster measure of 117,000. It

should be noted that, in this idealized example, components do not create
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information." Components write what they read, ‘so the column and row
totals match, except for block 3 and the PIO. This may not be the case

for use in the field. -

The designer can then use a ta'ble like that iI_Iust.rated in FIG. 47 to
define the bus clusters. This éxample shoWs a high rate of data transfer
between block 1, block 2, the PCl, and memory. These components must
therefore be on a high-speed bus. Because there is a low data transfer
rate between block 3 and the PIO, these design elements can be on a

fow-speed bus.

The PIO is output-only, but all the other components are
bidirectional. Because the components inside and outside the clusters
must communicate, the designer must create a bridge between the two

buses, as illustrated in FIG. 48.

Defining Buses Based Oﬁ Clustering . |

Initial clustering pfef_erably must ihclude all predefined bus signal
nets. The designer can pi\)ot within the clusters to show the natural
internal subclusters, but, unless more than one bus type is defined for

these signals, they should be treated as one cluster in the next task.

Where a processor’s system and peripheral buses are defined, the
clusters are broken into a system bus and a peripheral bus or.buse-s,
based on the clustering information. For example if the bus matrix in the
table of FIG. 47 is composed of predefined bus signal nets, the initial
clustering contains the whole matrix. If more than one bus is defined, the
bloéks thaf need to be on a high-speed bus form one bus and the rest

form another bus. This partiﬁdn is then passed to the next task.
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If there are no predefined bus connections, buses are defined in a
manner based upon the cluster information. The pivoted matrix usually
has groups of adjacent blocks with relatively high levels of
communication between them compared to other adjacent blocks. The
table in FIG. 49 illustrates this kind of clustering, similar to the previoﬁs
pivoted matrix. Figure 49 is based upon a different example from those
previously shown, to make the _clustering process clearer. It should be

noted that “##" represents' a large number.

in this example, blocks A, B, and C form one independent bus

cluster because there is a high rate of communication among the three
blocks and there is no communication between these blocks and blocks D
through H. Blocks D, E, and F form another cluster because there is a
high rate of communication between all three. Also, blocks D, E, and F
could form two separate buses: a point-to—point bus between D and E,
and another between E and F. Blocks G and H form a third cluster. There
are lower-bandwidth connectiohs between the EF pair and the GH pair.
Depending on the amount of data transfer, E, F, G, and H might be on
one bus or on two separate EF and GH buses with a bidirecﬁonal bridge

between them for lower-level communication.

To choose from a number of different clustering. options, the

following guidelines. are followed:

1. identify the cut pdints between blocks to determine poésible
clusters. A cut point a high communication area from a relatively low
communication area. A cut between C and D in the matrix in FIG. 49
produces the diagram illustrated in FIG. 560. To determine the amount of

communication between the ABC and DEFGH groups, the cells in the

77



10

15

20

25

WO 00/19343 " PCT/US99/22984

lower left and upper right groups are summed. If this sum is O, which is
the case in this example, the two groups have no communication
between them. These groups form completely separate buses. Cut the

pivoted matrix where the resulting communication across the cut is O.

2, Wit_hin each of the identified groups, find the significant cuts.
The communication between the resulting grbups should be much less
than within e“ach group. In FIG. 50, one cut appears in the D-H group and
no cuts appear in the A-C group, as shown in FiG. 51. The data transfer
rate between the GH groups is 22, but the data transfer rate within the
other groups is a very large number {##). These clusters can form two

buses with a bridge between them.

3. ¥ thé_ communication bétween clusters or .wit.hin clusters does
not involve aIII_ blocks, you might need to optimize the clustering. It is
only.impoftant__to optimize if the latency matrix has very different
reqdirer_nents for communication betwee_n. certain blocks. For example,
FIG. 51 shows that the GH cluster does not communicate with DE. DE
and EF communicat_e but D and F do not. If the latency requirements for

DE are very tight, fﬁe 'designer should therefore split out the DE

' communication from the rest of the bus. From FIG. 52, we can éee the

resulting matrix. This example splits E into E and E’ so it appears' to be
two separate blocks, because separate interfaces will be created on E for
the two buses. If a block has two or more bus interfaces, this technique

may be used to make effective u_se of the separate interfaces.

_ If this technique is used on the original example of FIG. 43, the
clusters illustrated in FIG. 53 are created, comprising two buses with a

bridge between them. One bus transfers a significant amount of data
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while the other transfers very little. Another cut between Block 3 and PIO
would result in even lower communication between the clusters.
However, this is not a significant cut because it leaves only one block in a

cluster, so it is not made.

4. When all the cuts are made, the resulting cluster information is

passed on to the next task.

This clustering technique requires system knowledge to generate a
bus structure for the chip. The designer must co_nsider data timing and

impleméntation details such as existing block bus interfaces, additional

processor requirements, and the number of masters on the bus. These

factors might suggest that deviating from the structure obtained using
this clustering method creates a bus structure with better performance or
lower gate count than the one obtained by purely following the

procedure. If so, the designer might want to repeat this task to modify

the clustering results.

Selecting Buses

Once the designer has defined buses using the clustering method,
bus types and performance hierarchy must be selected. Bus hierarchy is
the order of buses that are interconnected from the highest-performance
bus down to the lowest. For example, if a design contains a high-speed
system bus and tWo lower-speed peripheral buses, the hierarchy is from

the system bus to the two peripheral buées.

The bus attributes and sizes from the bus taxonomy reference
library are preferably used to define the bus type for each bus. The

library lists a set of bus attributes for each of the available bus types. To
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select the appropriate bus, the designer analyzes each block in the cluster
for existing bus interfaces. If thefe are none or few, the bus type in the
bus taxonomy reference that has the most similar attributes is selected.
The result of this selection process is a defined set of buses and hierarchy

that is used in the next task, specifying the bus design.

Buses should be selected as follows, checking the parameters in
the bus taxonomy reference library and the interfaces of the blocks in the
design:' | |

| 1. Eliminate buses that do not meet the cluster’s bandwidth and

latency

requirements;

2. If the bus is already defined, use that bus, but otherwise;

3. If a processor is present, use the system _bUs to which it already
connects, otherwise; '

4. Select a bus to which most blocks already connect;

5. Use a bus that can handle the endian-ness (a big-endian has the

0 bit on the left end of the data unit; a little-endian’s is on the right) of

- most blocks to which it is connected;

6. If the loading on the bus is excessive, use multiple buses;

7. Separate lower bandwidth devices onto a peripheral bus or
buses; : . ; . -

8. Use a peripheral bus with an existing bridge to the selected
system bus; |

9. If there is more than one choice after the selection process is
complete, choose the bus type that best meets the OCB attributes list,

since it will have the most tool and model support.
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Calculate the Bus Size

~ The bus latency table are used as the starting point for this step.
Once specific bus configurations are identified using clustering, the
information must be translated into a form usable to determine the size of
the buses. In the matrix from the previous task’s example, the first four
entries are clustered in one group and the lést two are clustered into a

second group.

Calculating the bus sizes requires determining the bandwidth

. needed for the amount of data being transferred and calculating

bandwidth, substituting different bus width values until the target

bandwidth is approached as closely as possible.

Determine the Target Bandwidth
| Determining the target bandwidth needed for the buses in a pattern
set requires the following steps:

1. Add all the transactions that occur in each cluster in the pivoted
data transfer matrix. Continuing with the same example, there are -

62,600 in the large cluster, 100 in the small cluster, and 1,200 between

- the clusters. The matrix in FIG. 55 is therefore created by adding the

entries in each of the four groups of FIG. 54.

2. Determine the time this pattern set is expected to take. The
front-end acceptance task provides this information. For this example, the
pattern set must be transferred in one millisecond, that is, the fast cluster
must transfer 63,800 bytes of data — 1,200 bytes to the bridge and
62,600 bytes internal to the bus — in 1 ms. Bandwidth is defined as the
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~amount of data, in bits, that can be transferred in one second. In this
- example, we can transfer 510 Kbits in 1 ms, and the bandwidth is

approximately 510 MHz.

Calculate the Bus Width
Bandwidth is comprised of the number of wires in the bus {(bus
width) times the clock frequency at which the data is being transferred.
10 The calculation is as follows: ' '
(util / clock_cycle) X bus_width = bandwidth
where:
util is the minimum bus utilization percentage for the bus

type selected (see FIG. 59);
15 | clock_ 'cyclse is the clock cycle for the deéign; and

bus_width is the number of wires in the bus. This value must be

a power of 2;

To calculate, we start at 2' for the bus_ width and keep
5ubstituting.hig.her values (22; 23, ... ) until the resulting bandwidt_h value
20 is greater than the target bandwidth. For example, if the clock cycle is 20
-ns and the bus utilization is 25%, the number of wires rounded to the

nearest power of 2 is 64 bits, where

(25% / 20 ns) * 26 = 800 MHz > 510 MHz.
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In this example, if one selected a type 4 or 5 bus from the table in
FIG. 59 one _would.need at least 64 bits in the bus for the fast cluster.
Similarly, a 20 ns cycle time would need only 8 bits for the slower

cluster.

The latency information is partially a function of the utilization,
since increased utilization of a bus increases latency. To keep the
example simple, such complexity is not included; it is partially accounted
for in the utilization numbers. In general, however, if one uses the
minimum bus utilization numbers for the bandwidth calculation, the
latency tends toward the minimum as well. To account for this effect, the
designer should select the worst-case {smallest) latency requirement from

the cluster.

The designer can therefore derive the latency of the entire

‘transaction from the latency matrix used in simulation, but the table of

FIG. 59 shows the bus latency data énd transfer values as separate
numbers. FIG. 59 shows a maximum transfer fatency of 10 for a type 4
bus. The minimum data latency is closer to the number of cycles required
for the data alone. The designer therefore needs to calculate what the net
transfer latency is by subtracting the data transfer time from the numbers

in the latency matrix, illustrated below:

data_transfer_time = min_cycles / num_words * avg_trans
where: | |
min_cycles is the minimum number of data latency cycles for this

bus type;
num_words is the number of words in the bus; and
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avg_trans s the average transaction size: the number of bytes of
data from the data transfer matrix (FIG. 43) divided by
the number of transactions in the transaction matrix
(FIG. 44). "

To compare thé latency from the table, the designer must create a
new latency matrix that uses the latency values from the simulation
matrix minus the transaction’s data latency. In the example above this
table would be as illustrated in FIG. 56. Each element in this matrix is
calculated as follows: [Resulting Latency(x,y) - Min Bus Latency data

(type)]l * (Data Transfer(x,y) / [Transaction(x,y) * bus size])

The smaliest number in the system bus cluster is 25. This value

must be larger than the largest transfer latency for the type of bus

needed because of bandwidth. That number is 10 in the table of FIG. 59

-for transfer latency for bus type 4, so the designer can choose bus type 4

or better for the fast cluster.

. Create the Bus Hierarchy

Once the designer has identified the buses and their loads, the bus
pgrformahce hierarchy must be identified, comprising determihing which
are high-speed buses, which are low-speed bﬁses, and what bridges and
arb.iters are required. |f two buses are connected in the reduced b(-.ls
matrix (their from/to cells have non-zero vaiues), then we create a bridge
between them. Using the example in FIG. 54, we create the following bus
mddel from the pivoted data matrix and the reddced bus matrix:

A system bus (type 4 or b) of 64 bits connected to:

Block 1(RNV)
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Block 2 (RNV)
Memory (RNV)
PCI (RNV)
A bridge (RNV) to a peripheral bus (type 3 or better) of 8 bits

connected to:

Block 3 (R/W)
PIO (Write only)
Note: The PIO is write-only because there is no data
| coming from it. The bridge is realerite because both

diagonals between bus 1 and 2 are non-zero.
This map is then passed to the next task, specifying the bus design.

Specify the Bus Design _

To s'p'ecify the bus design, the designer expahds fhe created buses
intb a set o.f' interface _specifications._fo'r the origihal blocl_(s, a sét of new
bldcks, such as bridges and arbiters,'and a set of glue 'Iogic. The original
and new block sbecifications are passed. to the block design task. The
glue logic, as mini-blocks, are transferred through block desig'n to the chip
assembly task. If a bus meets the OCB attributes specification, it has
models for master and slave devices, as well as other bus objects such as
arbiters and bridges. Using the map defined selecting buses, the designer

then creates the detailed bus structure.

Detailed Bus Structure
To create the detailed bus structure, the designer should then:
1. Optimize the bus by eliminating all buses with a single load and

a bridge. The load should be piaced on the 'other side of the bridge, since
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it is slower and more costly in terms of gates to translate between the
protocol of the system bus and the peripheral bt.js for-only one load.
While the designer may not be able to entirely eliminate the bridge logic,
tristate interface can be eliminated since the bus reduces to a
point-to-point communication. Also, 8 bits can be turned into 16 without

much penalty, since the two ends can be placed together.

2. Assign bus master .amli slaves to the various loads. The designer
should start with the bi’idge. It is a master on the slower side and a slave
on the féster éid_e. All dgviceé on beripheral buses are slave devices. On
the system bus, master and slave are defined by which devices need to
control the bus. Knowledge of the design can help with this decision. If a
processor is connected to the bus, its interface is a master. Otherwise, if

there are no obvious masters, the external interface, such as the PCl,isa

" master. The memory interface is almost always a slave interface. To
" determine which block requires a njaster interface, the designer should

_ refer to the intercohnect requirements for the bus.

. 3. If a processor or other biock is connected to a bus that also has
a memory interface, and the block specifically requires it, the designer
should include one or more direct memory access {(DMA) devices on the

bus. These devices act as bus masters.

4. Finally, if two or more devices on a bus are bus masters, add an

arbiter.

Detailed Bus Désigh ' |
Wheh the bus structure has bee_n defined, the block bus interface is
checked. If blocks already have bus interfaces, the interfaces must be in
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a soft, firm, or parameterized form for tailoring to the bus. If this is the
case, the existing bus interface logic should be used, otherwise the
models provided with the bus are acceptable. If there is a different bus

interface on the blocks, it should be eliminated if possible.

The bus logic should be modified to interface with the bus as follows:

1. Assign address spaces for each of the ihtetfaces. The address
space is usually designed to match the upper bits cf the transaction
address to determine if this block is being addressed. Also, one should
ensure that each block has sufflclent address space for the internal

storage or operatlonal codes used in the b!ock

2. Eliminate write or read buffers if only one function i_s used.
Most existing bus interfaces are designed to both read and write. The
designer can significantly reduce the logic if only one of these functlons is
needed. For example, if the bus takes more than one clock cycle, read
and write data are usually buffered separately. If only one functlon is

needed, the designer can eliminate half the register bits.

3. Expand or contract the design to meet the defined bus size.
Most bus interfaces are'designed for the standard 32- or 64-bit bus, but
other alternatives are available. If the 'designer needs a non-standard bus
interface, he or she must modify the logic to eliminate or edd registers
and signal lines. Similarly, the address is usually the same size as the
data, but this might not be the case. For busses that interleave the
address and data onto the same bus signals, a mismatch in data and
address size cnly eliminates the upper-order address decode or data

register logic, not the signals.
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- 4, Add buffers to the bridges if necessary.  Such modifications

should be made for both sides of the bridge as in Step 3.

5. Modlfy the bndge slze mapping between the buses For a

readlwnte mterface, bndges need at least one reglster for each function,

| equal to the Iarger of the buses on both sldes In addition to the data

buffer for each functson, bursts of data can be transferred more
efficiently if the data is accepted by the bridge before being transferred to
the next bus, usmg, for example, the bridge lllustrated in FIG. 57. This
might require a FIFO for each function to store a burst and forward it to

the next bus, as illustrated in the bridge of FIG. 58.

6. Defi_ne the p_riotity of the bus_. masters and the type of

arbitration. I there is more than one master on a bus, there must be

some kind of arbitration between the m'asters. There are many types of
arbitration, ranging from a sttict_ordered .p'riority to round-robin arbitration.
If the masters both handle the same amount cf data with a similar
number of transacticns and required latency, they should have equal
priority. On the other hand, if there is a clear rankin_g in the importance of
the masters, with an equivalent order in the amount of data, transactions,
and latency, arbitration should be serialized, putting the most critical

master first.

7. Create and connect the arbiter based on the deflnltlcns in Step
5 Arbltrataon schemes can be dlstnbuted or centrallzed depending on
the bus. Arbitration logic should be as d:stnbuted as possuble, to enabled

it to be distributed into the blocks with the glue Iogtc
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.8. Map thé_. bu:s to the interface logic as }équired by the device's
endian-hess. Most buses are little-endian, but some devices are
big-endian. When there is a mismatch between the end types, the
designer must decide how to swap the bytes of data from the bus. This
decision is generally context-dependent. If all transactions to and from
the bus are of the same type of. data, the desigher may use fixed

byte-swapping, otherwise the bus masters must do the sWapping.

9. Tailor the DMA devices to the bus. Direct memory access
devices are controllers that transfer data from one block to another. They
should be modified to the size of the address bus as one would any other

device.

10. Add testability ports and interfaces if necessary. The lowest
level of test is the ability to test the bus itself. The standard chip test
logic can also use the bus. These test features might require additional

signals to differentiate test from the normal operétion mode.

11. Add initialization parameters if necessary. Some buses such as
PCI have configuration registers. These registers might be hardcoded for

configurations that do not change.

12. Add optional bus capabilities if required by the devices on the
bus. Some buses have advanced capabilities such as threads, split
transactions, and error retry, which may not need to be implemented if

the devices connected to the bus do not need them. Some of the

~ additional capabilities, such as DMA devices, non-contiguous burst
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transfers, and error recovery control, might re'qu_ire'rhofe signals than are
defined in the standard bus. These signals éhoﬁ_ld be added to the bus if

necessary.

When these modifications are complete, the bus interface logic is

- connected to the resulting interface of the block.

Bus Taxonomy Reference
The bus taxonomy reference is a library that lists the bus attributes
and their relationship to b_andwidth, latency, and data direction for the

buses that are available in a cell library. The taxonomy library is a

'r'elativety fixed collection of information. The person in charge of this

'I'ibrary might need to update the bus attributes when a new bus becomes

available. -

Bus Type Reference

Bus_ types can be categorfzed by latency and bandwidth utilization.
Pure bandwidth is a function of the number of wires in the bus times the
clock frequeh'cy at which the data is being transferred, but bandwidth

utilization is a function of architecture.

--Figure 59 shows a list of specific bus attributes from lowest
bandwidth utilization and longest latency to the highest bandwidth
utilization and shortest latency. Typically the cost in logic and wires is
smallest with the first and largest with the last. Each bus in the library
must have a bus type assigned from this table. Each bus type can have a
range of latency in cycles and bus bandwidth in utilization percentage.
Each bus might have a different clock cycle time and size, so the
utilization percentage is the effective throughput over the product of the
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cycle time times the size of the bus. A bus utilization value of 100%
means that every cycle is fully utilized. The Data Latency column gives
the number of cycles it takes for a bus to transfer a word of data. The
Transfer La_"cency column is the average number of cycles it takes to begin
a bus transaction. The table in FIG. 59 gives a rough estimate of the bus
utilization and latency values. A designer’s group can specify values

based on experience and the type of its designs.

Bus Taxonomy Reference

Over a number of projects, a design group accumulates a library of
buses. Each bus contains a set of information that includes the type of
bus from the reference library noted in FIG. 41, and the list of bus .
attributes from the VSI OCB Attributes Specification and the Bus
Taxonomy Reference found in "Block-Based Design Methodology
Documentation” Version 1.2, May 21, 1999 (the entirety of which is
incorporated herein by reference), at section B.2, pages B-5 to B-10.
This information should be used as described for determining which bus

to use.

Design for Test

As described in the background, ease of testing is among the most
important attributes of an SOC design. Thus, design for test ("DFT") has
become the standard. For a given customer specification, the DFT
knoW!edge_ base derived using the method and system of the present
invention can be searched and extracted to present the customer with a
Question & Answer (Q&A) form. Through this device, the test objectives
can be negotiated and test issues resolved in the Statement Of Work

(SOW) negotiated during front end acceptance.
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The test planning phase is followed by test budgeting, test
scheduling and test management, resulting in a set of specifications and a
test plan to further break test development into separate, independent
subtasks for a clearly defined goal with a set of known resources and

procedures.

Each test block is concurrently developed according to a prescribed

recipe, which.can be tested with the best available techniques.

Once the test blocks are readied for test integration, they can be
mapped to the unconstrained SOC boundary where no I/O restriction is
applied, thereb'y allowing each layer to become a “test-readied” template
for the unconstrained SOC to be transformed into a design block. The

.unconstrained SOC is then conétraihed to a specific I/O packaging with

additional I/O level test. ‘This enables a test scheduling process to take

place and fulfill the SOC level test objective.

Making a DFT Test Plan
After acquisition of the customer’s plan during FEA, the inventive

test plan development scheme of the present invention preferably begins
with an assessment of each block to see if it is test-mergeable (whether
the test may be performed simultaneously on a phirality of blocks). Next,
the designer determines how “testable” each of the non-mergeable blocks
is. Third, a chip-level test specification including test types such as JTAG
boundary scan, DC tests, and PLL tests are developed. Finally, test fault
coverages are specified for test-mergeable blocks at the overall chip level,

for non-mergeable blocks at the block level, and for interconnect. The
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results of this four-pronged initial analysis provide the DFT objectives for

the overall system design of the present invention.

Using DFT Rules

DFT architectural rules, which are specific, test-related constraints,
are used to maintain consistent test development flow and cohesive test
data management. These rules guide the application of test attributes to
each non-mergeable block for placement in a virtual socket at the top
level, guide the execution of trade-offs to get the simplest and most
adaptive test strategy, shape the creation of a top-level test specification
for the design, and enable the derivation of a test plan to detail the test

implementation process.

DFT Glossary
The listed DFT terms, as used and claimed herein, have the following

definitions:

Authorization A conversion process that makes it possible to integrate a
pre-designed block.

BIST Built-in self test

BSR " Boundary scan register(s)

CAP ' ' Chip access port

CTAP Core test access port

DAP Design access port

DFT. Design for. test

Fault coverage Stuck-at fault coverage of a test
ICTAP - Integrated circuit test access port
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JTAG

Legacy block
Mergeable

MISIR

Mux
Non—mergéable
PRPG

SAP

Sockétizétioh

TAP
TBA

Test collar

Test-mergeable
Timeset

uDL
vC

PCT/US99/22984

‘Intellectual property : -

Joint Test Action Group (iEEE-i 149.1)

A predesigned gate-level block that cannot be modified or
reverse-engineered for reusability without risking unknown
consequences

The test requirements for a mergeable component can be
combined with those of one or more other components, so
they can be tested as a unit, saving test time and costs

Muitiple input signature generator

Multiplexer

Cannot be merged With other blocks for parallel testing
Pseudo-random pattern geﬁerator

Socket access port

An adaptation process_to épecify and add a test collar to a
pre-designed block that permits testing within a design

Test access port
Test bus architecture

A collection of teét pdrts and logic surrounding a
predesigned block that provide test access and control

A block that can be merged with at least one other block,
the two or more blocks being tested by a single test
protocol

Cyclized tester time formats: RZ (return to zero), NRZ
(nonreturn to zero), RTO (return to one), DNRZ (delayed
nonreturn to zero)

User-defined logic

Virtual component
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Virtual socket A placeholder for a-predesigned block that includes its test
interface |
VSIA Virtual Socket Interface Alliance

Making a Test Plan

The process of creating an overall DFT test plan begins with the
test designer receiving, from the FEA-generated input, test techniques for
each block, expected test vector specifications, test time requirements
for production, and special parametric or analog tests supplied by the 1/0
and analog/mixed-signal (“AMS”) requirements module {xref). Creating a
complete DFT plan therefore comprisés effective organization and use of

this data.

Test Requirements for Non-Mergeable Blocks _

A chip-level test requirement includes the non-mergeable block tesf
requirements, which, in turn, comprise four components: test models,
test'control logic such as dedicafed test ports and test modes, test
isolatibn logic such as safe-outs, and test validation components such as"
t'est benches and test vectors. When non-mergeable blocks are delivered
to the customer, they sp'ecify: test access and control data (such as test
modes, éctivation, and deactivation), test protocols, test data, tester

format, and test application/setup' time.

Test Requirements for Mergeable Blocks

The chip-level test requirement also contains test information for all
test-mergeable blocks, which, in turn, comprise test method, test control
logic, interconnect impleméhtation mechanism, and test validation

components.
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- Chip-Level Test Requirements -

- The chip-level test requirement also includes DC test requirements,
AC test requirements, lddq test requirements such as power distribution,

and analog test requirements,

Chip-level test controller:
Test controls at the chip level can be the test interface, JTAG,
PRPG, and MISR.

Compohent Attributes Matrix

The designer may use a matrix to plan the test development

environment for components in the BBD design. This matrix documents

issues, recommends or evaluates possible resolutions, and notes where
additional information is required. The matrix also identifies areas of

conflict where there are difficulties and incompatibilities in the test

“design. -

Using DFT Rules

Once the designer has filtered and classified the chip-level test

requirements by using the matrix, he or she can process these

requirements with a set of DFT architectural rules. Using architectural

rules allows for the gstablishment of common access, test controt, test
clocks, and asynchronous attributes, and trade-offs based on available

DFT architectures to enable the creation of a unique hybridized DFT

architecture for the chip being designed.

Adaptability is a key feature o_f'.the B'BD.DFT strategy of the
present invention. To ensure proper test integration, the designer assigns

a virtual socket to each non-mergeable block based on the constraints
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. and test information received at the end of front-end acceptance. The

DFT architecture completes the specification by integrating these virtual
sockets into the rest of the chip-level test requirements. Each virtual
socket has a socket access port {SAP) mapped to the chip access port

(CAP) to effect such a transformation of the test data.

Before the designer can make a test plan and start preparing the
design for test, he or she must check the group’s DFT architecture rules

for consistency and cohesion.

Consistency

Consistency is the degree to which test development coverage for
each component is complete, in four operating modes: normal, test,
isolation, and boundary {co-test). The designer may use a checklist for
each compohent to ensure that its model, c;ontroller design, isolation, and
test validation values are consisteht between each block and the chip-

level description.

For examplé, ina deéign with three non-mergeable blocks, A, B,
and C, the test controller design can test block A only if blocks B and C
are isolated. The test controlier specification must specifically enable a
block A test access only when bofh B and C are isolated. If block B and
block C are to be tested concurrently, the test controller specification
must enable test access to both blocks with a test validation scheme that

synchronizes their test data in a single simulation environment.

For this example, the table of FIG. 60 illustrates an exemplary

block A consistency check.

Cohesion
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Cohesion is the degree to which test methods in a flow are related

to one another. There are five closely-related test method parameters;

each can modify the others. For example, the test access method defines

the activation condition of a test protocol, the test protocol defines how

test data is sequenced, and test data is broken down to a set of patterns |

having a specific tester timeset. And since test access to an embedded

block is sensitive to chip 1/0 restrictions and controller design, the

cohesion of these parameters reguires a unique verification style to

maintain test data integrity. The five test method parameters are

therefore test access, test protocol, test data, tester timeset, and test

time.

Architecture Rules

F'ig'ure'61 illustrates the top-level hie_rarchy of a chip from the DFT’

| perspéctiVe.'Before the designer begins the DFT process, the designer

should visualize the'chip as shown in FIG. 61, rather than as a collection

of functional blocks. Figure 62 shows the design made up of functional

blocks, with the SAPs and a DAP where non-mergeable blocks are

- socketed.

In practlce, functlonal blocks in the desugn can be descnbed in

behaworal RTL gate, or mixed-level HDL The HDL fnles are orgamzed in

a dlrectory structure. The preferred way to organize test files is to create

a dlrectory hierarchy as described in the f_ol_lowmg arch_ltecture rules, then

put links in the test directories to the data files in the design hierarchy. In

this way, the chip can be built with different configurations using HDL

directives.
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Because the chip-level DFT architecture has only a single level, all
attributes are at the top level. It is therefore intended that the designer
should use the following architectural rules in accordance with the
method of the present invention to put attributes in extractable comment

form in the top-level design file:
1. Describe the DFT architecture hierarchically.

2. Create a single chip aééess port'(CAP) at the highest level of
hierarchy. The CAP specification should preferably:

a. Map all test control and test data pins to the package-

level pin to consistently maintain design and test data.

b. Separate the test control pins from the test data pins.
c. . Set the test control pin attribute to either dedicated or
selectable:

i dedicated if it should preferably be éxclusively
deactivated in normal mode; a dedicated pin cannot be

shared with a functional pin.

il selectable if it can be set to a test constant -
a logical value - throughout a test; a
selectable pin can be shared with a

functional pin."

d. Set the test data pin attribute to:
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" test_clock if it is used as a clock during test: a
- test_clock pin can only be shared with an -

external functional clock pin.

test_async if it is used asynchronously during
test for reset; a test_async pin can be dedicated
or shared if it does not cause any conflicts with

other tests, test modes, or isolation modes.

test_group(i) where (i) is the test_clock with
which the test_group pin is synchronized during

a test.
e. Describe the following for each test mode:

i. The test setup needed to gain access to the
device under test if it requires an accessing
sequence. Describe the protocol, such as

JTAG instruction, test clock, or test reset.

il The test execution needed to perform the
actual test. Describe the test sequence in
phases down to the task level, the iteration
counts, the cycle time, the test length, and

~ the test results.

ifi. The test postprocessing needed to close out the
test and put the chip back in the default

condition (normal mode).
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Create a CAP controller specification that describes the test setup

-and test processing sequences for each test mode. The

spegcification should preferably be implementable (synthesizable)

and verifiable (via test benches and test sequences).

.The designer may optionally specify a set of staging latches to fold

_ the internal test data bus into the available test data pins. The

staging action should preferably not alter the subsequent test

result. The staging should preferably be

a. Free from state-altering, time-sensitive signals. Use
test_async signals or follow the persistent order of

occurrence relative to the test_clock to resolve it.

b. If it is not free from state-altering, time-sensitive
signals, it should have extra test pins. This rule should
preferably be used judiciously to avoid test packaging

problems.

‘The designer may optionally specify a test data signature analysis

capability such as MISR to compress the test data, which
minimizes the physical /O constraint. The signature analysis shouid
preferably be deterministic for each cycle- of operation and should

preferably:

a. be free from X-value propagation by avoiding it at the MISR

inputs.
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b. ~  if step a. falls, suppress the affected MISR cycle. This
rule should be followed judiciously to avoid the loss of

fault coverage.

The'designer may optionally create a set of other test mechanisms
at the chip pefibhei‘y to perform the fdll'owihg‘ special tests: DC and
AC parametric tests such as boundary scan tests; frequency tests
such as PLL tests; and mixed-signal tests such as ADO and DAC
tests. The control pins for these tests should preferably be
included in the table of all test_control pins. The designer might
also.. want to'includ;e them m the CAP controller specification to

avoid conflicting interactions.

Specify a single device access port (DAP) at the next level of

hierarchy, the level withou_t I/0s or 1/O-related cells, unrestricted to

the physical 1/0.

The DAP should preferably be a hybridized test port that can be

forfned by concatenating, merging, resizing, and multiplexing

generic ports, s'uch as TAP-based ports.

The designer should preferably be able to configure the DAP
directly from the CAP controller. Partition each configuration into

test control, test data, or test isolation ports. In each configuration: -

a.  Set the test control port attribute to

test_con f(k) if it should preferably be used

to set the targeted configuration k.
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test_select if it can be set to a test

constant.
b. Set the test data port attribute to
test_clock if it Is used as a clock during test.

test_asYnc if it is used asynchronously

during test.

test_group(i} where () indicates the test

clock to which the ports are synchronized.

test_direction if it is used to indicate the
test data direction. The test direction

can only be a 1 or O vaiue.

c. Set the test isolation port attribute to safe_state if it

should preferably be isolated during test with a safe state

logic value of 0,1, or Z, and to dont_care if it can be set to a

non-floating logic value of O or 1.

Specify the interconnection of the CAP, the CAP controller, the
staging latches, the MISR, the DAP, and the other test mechanisms

in the top-level DFT architecture.

Specify the CAP con_trbller, the staging latches, the MISR, the

design body, and the other test mechanisms in a dedicated section.

Specify detail on the DAP the sockets, the UDL, and the test

interconnect for the design body architecture only.
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13. The design body architecture should preferably be described

hierarchically.

14. There should preferably be multiple SAPs at the next level of

hierarchy, the soc_ket level.

16. Each SAP should pre_ferably be a recursive image of the DAP with
one or many applicable cqnfigurétions available to the DAP. All
configurations of the SAP should prefera'biy be supported by the
DAR.

Socketization Rules
Once a non-mergeable block or VC is placed in a design, its I/O

ports are no longer accessible from the chip I/0. Its test data, which is

~ created at the 1/O ports, is no longer usable either.

In general, recreating test data at the chip level is difficult and
unpredictable because design block test values must propagate through
other logic blocks. The preferred approach, therefore, is to add
accessibility to the design block itself by creating a virtual socket for the
design block. The virtual socket includes test access, isolation, and

boundary test functionalities ac'cessible_fforh the chip 1/0.

The designer can use the virtual socket as a placeholder for the
design block in the design, or can also use the socket to put test
constraints on thé'design biock ifsdf. A design block is socketized when
constraints are mapped to it in a design using 1/0 mapping and
restrictions. The constraints are design-sensitive and conditional, but they
let the designer divide each design block socketization task cohesively
while keeping track of the design blocks during design integration.
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The socketized design block might need extra I/O ports and a logic
or test collar to match the chip-level test constraints while maintaining
the functional interface. Because the interface timing might be changed
slightly, it is best to write the test collar in RTL code, to be characterized
or rebudgeted in synthesis for each socketized design block. Adding the
test collar at the gate level after synthesizing the whole design might

cause timing problems.
The design block socketization rules are as follows:

1. The socket can be described hierarchically but the top level should

preferably contain all the test attributes.
2. There can be only one SAP per socket.

3. The SAP |s the only reference for fest information about how to

isolate, test, diagnose, and debug every element in the socket.

4, Each SAP should preferably be constructed or synthesized

according to the higher level specif_i_cation.

5.  The designer should preferably be able to verify, at the higher level
of construction and context, that each SAP can activate and
deactivate normal, test, isolation, and boundary modes. This means
the designer should verify the external test information structure of

the socket.

a. The external test information structure should
preferably conform to the standardized description

language specified in the VSIA compliance rules.
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b. - If-a standardized description language is not avaitable,
the test information structure should conform to the

chip-level design test attributes at the virtual socket.

Each SAP should preferably be validated at the socket level with

the reformatted test data to ensure that it properly performs the
test setup, test execution, and test postprocessing sequences. This -
means the designer should verify the internal test information

structure of the socket.

a.  The internal test information structure should
preferably include all design block test models, all
-functional blocks, and all other logic bounded by the

socket.

b. - The internal test information structure should
preferably be co-simulated and interoperable with the

chip-level simulation environment.

In normal mode, all test logic associated with the SAP should

preferably be deactivated simultaneously and directly, not

- sequentially, from the SAP interface. Normal mode should be

activated by a single test control port.

In isolation (rest) mode, all test Iogib associated with the SAP
should be deactivated and assigned to safe-state values without
intermediate conflicts. No functional states may be implied in the

isolation sequence.
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9. In test mode, all test logic associated with the SAP should
.preferably be enabled by a single activating sequence, then
optionally by a configuring sequence, before beginning a test
“sequence. To minimize test time, successive test sequences of the

same configuration should be bundled.

10. All of the socket’s peripheral logic should be testable in boundary

(co-test) mode, including the test logic associated with the SAP.

.Designing a Top-Level Test Logic Specification

When the designer designs a top-level test logic specification to
meet coverage and time requirements, he or she will need to make
tradeoffs that increase the parallel nature of the test logic. The major

decision is how serial or parallel to make the individual block tests.

The test constraints are used for each virtual socket with the
socketization rules to establish test requirements for constructing the test’
collaf. From the test access pe_rspective, the SAP is complete and
adeqdate for test integration purpbses. To avoid design changes that can
cause design and test conflicts, the SAP should not share or use
functional elements of the block. This separation makes even more sense
when different block types - soft, firm, or hard blocks - are utilized,

making it possible to avoid unpredictability during test integration.

In general, each architecture aims at a unique set of solutions or a
specific set of tools, and targets a specific range of test applications.
Many architectures originate in specific design environments that span
almost every role of a design. Therefore, a development flow is needed

that does the following:
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1.. - Characterizes and categorizes test problems in the
_ desugn context; . .

2. . Addresses the trade-offs for each arcititecture;-

3.  Provides additional alteratlons for each targeted
deslgn _
4. Until the advent of the present mventuon BBD test problems

~ were evident in the following areas
o Test data reusability

Test socket design and socket infortnation |

UDL and chlp-level mterconnect testmg

'Test packaging

Test validation

Test protocols

Diagnostics and debugglng

These issues are related to the assumptions made during BBD

design planning. However, the design plan requi're's many specific
processes to package a design block with reusable test data, such as:
creating the BBD design for test, customizing the-design block test
interface, designihg and validating the test access and control

mechanism, and packaging the test with the chip’- 1/0 and within the test
budget.

DFT Taxonomy
DFT architectures are classified by their test methods, their test
interfaces, and the types of blocks with which they can be used. There

are four different generic DFT architectures, but they rarely have similar
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test interfaces. Epg’_: example, most chips have. embedded RAM that uses a
memory BIST interface while the rest of the chip might use a scan

method. The table in FIG. 63 lists the typical choices in a design scenario.

Procedure for creating a Top-Level DFT Architecture

The flowchart of FIG. 64 illustrates the procedure used to create
the top-level architecture specification and specify chip-level test
structures. The DFT plan should preferably specify the block-level test
logic for every block on the chip. Blocks with test logic should receive
interfaces to the top level. Blocks without test logic should receive test
logic requirements. Transfer both of these design requirements to the
block design task, preferably creating both the top-level test logic and the

access mechanism.

The flowchart in FIG. 65 illustrates the socketization procedure
used to create the block test logic specification. For each socket in the
design, specify the test collar for each design block to conform with the

DFT architecture as illustrated.

Creating a Test Generation Mechanism

The BBD strategy for test generation can compriée manual vectors,
ATPG, or mixed. The translation and concatenation mechanisrﬁs should
be defined to match the top-level test logic and the individual blocks’ test
mechanfsms. In BBD, test development comprises two independent

processes.

1. Block-level test development for each virtual socket. In most

cases, this process consists of the following tasks:
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. a. -- SAP declaration: Add the SAP to the behavioral model

.. interface and re-instantiate the biock with its virtual socket.

i Test logic insertion: Add test access, isolation,
interconnect test, and test control logic to form the test

collar around the targeted block. For best resuits, describé

‘the test collar in synthesizable RTL format.

il Test data transformation: Expand and map test
data into SAP ports. One should modify the block-level test
behch to accept the new test data format. To streamline the
test flow, one might aiter the tester timing on some blocks

to minimize test setup time per socket and concurrently run

multiple block tests.

i Test verification: Modify the block-level test
bench to verify the test logic. Verify the target block with a
subset of the complete' block-level test vector set to ensure

test data integrity before and after the previous steps

2. Chip-level test development for all test-mergeable blocks and

chip-level tests such as DC tests and analog tests. This prdb.eés |

.comprises the following tasks:

a. Test logic insertion: Add the test controller, dedicated
test pins, DC test logic, analog test logic, and, it

necessary, clock muxes and test clocks for all tests.
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This task also involves scan insertion for test

mergeable blocks and UDL if necessary,

Test generation: Use ATPG tools to generate test
data for the fest—mergeable blocks and UDL, or
capture cyclic functional test data. It is important to
meet fault coverage objectives with the targeted

manufacturing test data.

Test verification: Modify the chip-level test bench to

verify the test controller and perform DC tests, analog

tests, tests for all virtual socket in the design, and the

UDL test. These tests might need pre- and post-test

sequences such as JTAG requires.

Test data formatting: Take the simulation results and

put them in a test data description language such as
WGL.

We turn next to the application of DFT at the block level in a BBD

DFT methodology context. The final product of an intellectual property

core or design block is a “test-readied” block with a standardized or

generic test interface and a test data set that can be reused at the chip

level. The design block socketization scheme is empioyed to transform a

design block into an integral part of the chip level tests while reusing

most of the test procedure and apparatus generated during the designing

of each block. The inventive BBD DFT mix-and-match strategy provides a

flexible approach to integrate a variety of pre-designed blocks with
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different test methods and test interfaces by sorting out non-mergeable
blocks-in contrasting to the most popular scan based test methodology.
The reason to make scan design methodoiogy the basis for test

mergeable selection is simply the ease of au’torhat_ioh purpose.

The block design plan involved in many specific processes to
package a design block with re-usable test data is based on a
standardized or customized design block test interface, taking into
account certain assumption about accessibility of block I/0s. However,
once embedded, the block I/Os can be placed in different contexts and
potentially become inaccessible. To ensure the ease of integration, the
test interface should be separate from the functional interface to provide
some orthogonalities from the chip design persp‘ective. in BBD, one
attempts to mix and match the design block mterfaces and unify them at
the chip Ievel (as illustrated in FIG. 68). Therefore, the flexibility and
mod:flablllty of the test interface should be provided to design and
validate the test access and control mechanism, and to package the test
with the chip 1/O and within the block level test budget. As understood
by one skilled in the art to which the present invention pertains, though
possible, the use of an On Chip Bus (OCB) as part of the test bus is
contefnplated by the present invention but beybnd the scope of this

description.

Non Mergeable Biocks:

DFT logic and test vector verification functions let the designer run
shorter, production ready tests earlier in the production cycle. DFT scan
paths provide access to chip and system states that are otherwise

unavailable. Memory BIST uses algorithmic test vectors to cover different
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embedded memory fault classes. Logic BIST takes advantage of random
testable structure of scan based design to reduce test access and test
data bottlenecks. However, each predesigned block may become non-.
mergeable for a number of reasons. In general, non-mergeable blocks

are.

Synthesizable RTL soft blocks that may not be compatible with
common test methods due to lack of internal test accessibility (e.g.
gated-clock, latch-based, data paths), or lack of fault coverage

(e.g. asynchronous).

Gate-level soff blocks that may not be compatible with common
test methods such as scan methodologies (i.e. synchronous), scan

styles (e.g. mux-écan, clock-scan, LSSD).

Compiled bloc_ks that are generally array-based. For example,
embedded RAMs, ROMs, DRAM, FLASH, etc. do not have the
same fault models_ as combinational logic. These blocks require

large algorithmic test patterns.

Hard blocks that are created with a specific test method but does
not have the infrastructure available for test integration. Generally,
these blocks should preferably be delivered with a specific block

level test data set with or without a specific test interface.

Legacy blocks that are created with or without a specific test
method but does have the infrastructure for integration. Generally,

these block may not be modified to avoid unknown consequences.

Test Collars
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_ The socketized design block can be modeled by creating a new
module that describes the socket with the SAP specification, instantiating
the original design block, and inserting test logic between them, as
illustrated in the flowchart of FIG. 66. The socketized design block first
restores the design block functional interface, add test access, test
isolation, boundary test structures then provide the basic test interface
(e.g. TAR scan, BSR, or direct-muxes) as defined during the chip
planning. The result is the SAP with test attributes added as comments
for each associated test 1/0 port. Each non.-m'erg'eable block will be
wrapped by a test collar to add test acceés, isolation, and interconnect
test facilities for performing test setup, test execution, and test post ”
processing on a block by block basis. The output is a socketized design

block including:

1.  test access and control (e.g. test modes, activation, and

deactivation)

2.  test protocol (e.g. functional, rrSux-scan, BIST, diagnostics);
3. tes.t.data (e.g. test language, vector si;e, fault coverége);
4, teéter format @.g. tester specification, timesets, test speed);
5. | test apblication time (e.g. no test setup time);

Adding Testability
For each non-mergeable block which does not come with re-usable
test data, the design planning phase can specify the test interface, test

method, test data format, expected fault coverage, and test budget by
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inserting test structures and estimate the overall area and timing cost.

This estimate becomes the constraint for adding testability to each block.

Synthesizable RTL Soft Blocks

If the pre-designed block is a synthesizable soft block which does
not compatiblé with scan based test application then fault coverage could
be a problem. For example, scan design rule check can be done at the

RTL or gate level to screen out scan violations. Since scan chain or test

points can not be easily inserted into the model, sequential ATPG can be

used in conjunction with fuhctional test vectors, as illustrated in the
flowchart of FIG. 67. The fault coverage for this type of design is difficult
to predict and fault simulation should preferably be used to establish the

re-usability criteria of such block during the planning phase. The TBA

~ based test collar is the best test interface but the BSR based test collar

could be considered if test budget for the block is. allowed.

Verification

Moving now from DFT to design verification, the primary objective
of the verification method and system of the present invention is to
ensure that a completed design (at final tape out) meets the customer’s
functional requirements as specified in the Functional Specification and
Chip Test Bench, supplied as part of front-end acceptance. A secondary
objective is to achieve the primary objective in the minimum time

possible.

It is especially essential to the proper function of the present
invention, as it is to any design test schéme, that the customer-supplied
Chip Test Bench form a compiete test of the customer’s requested
functionality. This a'ssumption is preferably emphasize.d during front-end
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acceptance. - The BBD design flow will thereby incorporate gtading of the
Chip Test Bench while running on the Functional Specification model,

thereby providing a measure of the Chip Test Bench.

The inventive approach is to utilize both the Functional
Specification and the Chip Test Bench in an inte'grated manner, to insure
that the two are consistent. Subsequently, as detail is added end refined
through chip planning, chip assembly and block design, the design is
re-verified via the Chip Test Bench to ensure that functionality remains
consistent with the original Functional Specification. Verification of
progressively more-detailed views may be performed at the complete chip
level or at the individual block level with distinct Block Test Benches

extracted from the Chlp Test Bench, as described below.

Experience reveals that bus logic and the interaction of various
blocks connected along the same bus can take significant time to resolve,
causing iterative re-designs if not addressed early and continuously in the
design process. For this reason, particular attention is given to validation

of the bus functionality early in the design cycle. The bus and associated

logic is therefore identified at an early stage and verified, independent of
_ the rest of the design, using Bus Compliance Test Benches, as described

below. However, it should be noted that the preferred verification flow

of the present invention is flexible enough to handle a wide variety of
designs with rapid turnaround. For example, if a design uses simple
busses or the designer hae significant experience with the blocks
attached to the bus, then some or aII of the bus compliance testing may
be deferred. Sumllariy, if some or aII of the biocks are either snmpte or

reused from a prior design, then a portlon of the individual block
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verification may be skipped, and verification deferred until the chip level

verification stage is reached.

The detailed flow to be followed for a particular design s.hould be
established as part of the FEA process. Figures 12;1 5 provide a
generalized flow of the tasks to be performed during functional
verification according to ihe present invention. These figures will be
described in detail, with croséireference make to chip test bench figures
69-73. It should noted that in figures 12-15, a large arrow signifies task |
flow, a smaller arrow signifies task inputs, and a dashed arrow signifies

an optional bypass path.

Referring to FIG. 12, after completion of FEA, as described above,
the method of the present invention continues with chip test bench
verification step 8210, wherein the chip-level functional .mbdel is
exercised with the chip test bench 8310 in FIG. 69. Both the model and

the test bench are customer-supplied, the purpose of verification being to

- ensure that the test bench and functional model are consistent. The

model will preferably be in Verilog, VHDL or executable C code, although

-any compatible language will suffice. Chip test bench 8310 will be in a

file compatible with the model. Any miss-matches between the model

and the test bench will be fed back to the customer and either the modei

or the test bench will be modified to achieve internal consistency.

Next, the chip test bench is graded while running on the functional
model. Such grading pro?ides a “goodness” measure, or coverage
metric, of the test bench by measuring one or more of the following
attributes: statement coverage, toggle coverage, FSM arc coverage,
visited state coverage, pair arc coverage, path/branch coverage and/or
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expression coverage. - This coverage meétric is then fed back fo the

customer. The coverage metric may highlight areas of the deeign that

appear to be poorly tested, as where a design is inadequately tested or

" the design includes redundant functiohality. In either case the customer

may chose to modify the test bench or the model to improve the
coverage metnc, thereby resetting the prolect start time for the BBD

des:gn methodology herem descnbed

Once the chip test bench is certified consistent with the functlonal

_model a new view 8312 (in FIG. 69) of the chip is created at step 8212

(of FIG. 12) by combining the block functional models for each of the
blocks with the defined glue Iogic between these blocks The block

functional models 831 2 are elther customer supphed or created via a

”dtppmg process durmg FEA, as descnbed above. A glue logic model is

also specified dunng ehap p!_annmg,l as descnbed above.

Referring again to FIG. 12, chip level structural verification step
8214 comprises simulating the block functional model of the chip with
the chip test bench. Any discrepancies are resolved by modifying one or
more of the block functional models 8312 or the glue logic mode!, and
rerunning the simulation. This step ensures that the block functional

models are consistent with the chip functional model.
| Tummg next to FIGS. 13 and 14, the objective of the bus
verification flow is to ensure that the bus logic within the chip operates

correctly and that interactions between the different bus elements will

not cause bus protocol errors. Thus, compliance vectors are created for

the bus design. These vectors may be based on compliance test suites
supplied by the customer or block design supplier. The vectors will have
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to be manipulated to correspond to the specific bus topology of the
design. Where compliance vectors have not been provided, they will have
to be written by the design team, preferably in such a manner that they
exercise the interactions of the various blocks attaéhed to the bus,
exercise all boundary conditions, and verify that bus errors are correctly
handled. o

‘Step 8218 in _FIG. 13 provides for the vériﬁcation of bus
fu.nctionality. The bus compliance vectors are simulated against the
cycle-accurate model of the bus supplied from the chip planning stage
discussed above. Any errors must be resolved by ei’_cher‘ modifying the
compliance vector set (not shown) or by modifying one or more of the
bus logic elements 8512 shown in FIG. 70. This step is repeated until the -

compliance test suite executes successfully on the bus logic model.

Referring next to FIG. 14, bus block model' and test bench creation
steps 8610 through 8614 are illustrated. The objective of both bus block
model creation step 8610 and test bench generation extraction step

8612, as well as bus block model verification step 8614, is to create a

‘high level behavioral model and associated test bench for each of the

blocks within the design. These are passed to the block designers and

define the target functionality for each of the blocks.

C}eating bus block model 8510 in FIG. 70 for each block comprises
combihing the functionally correct, cycle-épproximate block functional
model 8312 with a cycle-accurate bus logié model for that block. The bus

logic is extracted from the bus giue Iogic model supplied from chip
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planning and verified above. Some modification of the Bus Functional

Models may be required to get the interfaces to "aiign’."

The bus bloek'models are then verified by assembling a model of
the chlp combining all of the bus block models. The chip modei is then
venfned by simulating it with the chip test bench. While the chip test
bench has previously been verified on cycle approximate models, this
behavioral block model of the chip has some cycle accurate operations
and so some refinement of the chip test bench will be required to get the
block model to pass. In some cases, errors may result due to
miss-matches in the block functional model and the bus logic, at which
time the model may be modified to correct the errors. Once the chip test

bench successfully executes on this chip model, the individual bus block

~ models may be sent to the block designers for detailed implemenfation. .

At step 8612 in FIG. 14, block test benches are extracted. Once

~ the chip test bench executes succeséfully on the chip level bus block

model 8710, as illustrated in FIG. 71, probes can be set on the interfaces
of the individual blocks and block test benches can be extracted from
chip test bench 8712 as it executes on the model. These block test
benches are sent to the block designers for validation of the blocks as

they progress through implementation.

Proceeding next to the logical verification flow illustrated in FIG.
15, the objective of the logical veriﬁcation tasks is to ensure that each of

the blocks is functlonally correct as it progresses through the

' |mplementat|on phases of the design (from RTL to pre-layout netllsts to

post-layout netlists). Also tested is whether the assembled chip continues
to provide the required functionality.
120



10

15

20

25

WO 00/19343 PCT/US99/22984

Verification may be done either dynamically through functional
si.mulation or statically using formal verification tools that perform
equivalency checks. Dynamic verification requires simulation tools that
are required and described elsewhere in the BBD methodology flow of the
present invention. Dynamic verification also utilizes vector sets used
elsewhere and so aids in the migration of the test suite from cycle
approximate to cycle accurate in nature. Static verification requires the
inclusion of new tools. Howevér, static verification will typically' run
faster than simulation and provides a “complete” equivalénby check, in
contrast to simulation, which only proves equivalency to the extent that

the test bench exercises the design functionality.

Next, individual RTL block models are verified at step 8710,
wherein RTL simulation models created by the block designers are verified
against the chip test bench. This can be done by swapping the block RTL
model with the corresponding behavioral model in the chip level
behavioral model and performing a mixed mode simulation of the'chip
using the full chip test bench. In the alternative, the individual block RTL
model can be simulated with the extracted block test bench. In either
case, miss-matches can be expected due to the transitioﬁ from a 'cycle
approximate model t6 a cycle accurate model. These miss-matches will
be resolved by modifying the test bench. If miss-matches are triggered by
missing or incorrect functionality, then the RTL model must be modified

to correct the errors.

At step 8712, RTL biock models are verified at the chip level. The
RTL simulation models for each of the blocks are combined to create a

chip level RTL model. This model is verified by simulating with fhe chip
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- test bench. Again, some errors may be present due to the transition from

a cycle approximate model to a cycle accurate' model. These errors will be
resolved bY'modifyi_hg the chip test bench. Any functional errors will -
have to be resolved by modifying one or more of the block fevel RTL

models.

At step 8714, individual pre-layout block netlists are verified. The
post synthesis netlist simulation models for each block are against the
RTL model for that block.

At step 8716, dynamic and static chip level pre-layout block
netlists are verified. Dynamic verification can either be done by swapping

the block level post synthesis netlist with the corresponding behavioral

- model in the chip level behavioral model and performing a mixed mode

- simulation of the chip using the full chip test bench. In the alternative, -

the indiv'i.dual block lev_e_l_ post synthesis netlist can be simulated with the

block test bench. In either case, miss-matches can again be expected due

to the transition from a cycle accurate model to a model with intra-cycle

timing. These miss-matches will be resolved by modifying the timing

strobes within the test bench. Static verification is performed by running

fhe equivalency checking tools on the post synthesis netlist and the RTL

| ‘model for each block. Miss-matches will be resolved by modifying the

post synthesis netlist to match the RTL model.

The post synthesis netlists for each of the blocks ére then
combined to create a chip post synthesis '_netlist. This chip level netlist is
\(erified either through simula_tién or statically through formal equivalency

c'hecking 'too_ls. Dynamic verification is accomplished by simulating the

'chip post synthesis netlist with the chip test bench. Static chip level
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pre-layout verification is performed by running the equivalency checking

tools on the chip post synthesis netlist and the chip RTL model for each
block. Miss-matches will be resolved by modifying the post synthesis
netlist to match the RTL model. -

At step 8718, individual post-layout block netlists are verified.
This step is a repeat of step _3714, but with the post-layout netlist
substituted for the pre-layout netlist. The only difference, at the netlist
level, between thesé two models should be the modification of buffers
and drive strengths to achieve the timing goals of the laid-out design. Any
errors encountered should be limited to the incorrect addition or deletion
of buffers. The timing of the block test bench may have to be modified if
the post-layout timing changes has moved signals with respect to the

timing strobes.

This verification may be done either statically or dynamically.
Dynamic verification can be done by swapping the block I_evel post layout
netlist with the corresponding block RTL model in thé chip level RTL
model and performing a mixed mode simulation of the chip 'using _the full
chip test bench. Alternatively, the individual biock level post layout
netlist can be simulated with the block test bench. Sféfic Verificétion is
pe'rformed by running the equivalency checking tools on the post layout
netlist and the RTL model for each block. Miss-matches will be resolved

by modifying the post synthesis netlist to match the RTL model.

Verification of the chip level post-layout netlist is accomplished at
step 8720, a repeat of step 8716 but with the post-layout chip level

netlist substituted for the pre-léyout netlist. The only difference, at the
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netlist level, between these two models should be the modification of
buffers and drive strengths to achieve the timing g'oals of the laid-out
design. Any errors encountered should be limited to the incorrect addition
or deletion of buffers. Dynamic verification is accomplished by simulating
the chip post layout netlist with the chip test bench. Static verification is
performed by running the equivalency checkang tools on the chip post
layout netlist and the chip RTL model. Mlss-matches will be resolved by

modifying the post layout nethst to match the RTL model.

Finally, physical verification is accomplished as illustrated in FIGS.
72 and 73, wherein both block and chip tape out are verified in the
manner understood by one skilled in the art to which the present
invention pertains. The objective of the physical verification tasks is t'o.
verify that the GDSI| files created through the block design and chip
assembly phases of the design are functionally correct and free of any

v_iolations of the design rules for the target technology.

The GDSII for each of the blocks, created by the block design
process, are verified by runnmg DRCs for the target technology Any
errors and warnings are fed back to the block designer for resoiution. LVS
is also run between the block GDS" file and the post layout netlist for
that block. Any errors or warnings are fed baek to the block designer for

resolution.

The GDSII for the complete chip, created by the chip asse'mbly
process, is verified by runnmg DRCs for the target technology Any errors
and warmngs are sent. back to the chip assembly desngner for resolution.

LVS is also run between the chip GlDSll file and the post layout netlist for
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the chip. Any errors or warnings are fed back to the chip assembly

designer for resolution.

While the invention has beén illustrated and described in detail in
the drawing and forégoing description, it should bé understood that the
invention may be implemented through éltemative embodiments within

~the spirit of the present invention. Thus, the scope of the invention is not
intended to be limited to the illustration and description in this

specification, but is to be defined by the appended claims.

125



- WO 00/19343 PCT/US99/22984

CLAIMS -
What is claimed is:

1. Amethod for designing a circuit system, the method being
executed by a designer, the method comprising the steps of:

(a) selecting a plurality of pre-designed circuit blocks to be used to

~ design the circuit system; |

{b) collecting d,esigr_\e_r’s data (including experience data, estimation
data, and/or implementation data) regarding the pre-designed circuit
blocks, the designer’s data being adaptable to a processing method; C

(c) accepting or rejecting a design of the circuit system in a manner

based on the designer’s data and acceptable degree of risk;
{d) upon acceptance, forming block specifications containing
criteria and modified constraints for each of the circuit blocks (FEA):
~ (e) upon accepta:nce, forming block specificétions for deploying the
'circ'\.llit blocks on a floor plan of a chip, in compliance with the criteria and
modiﬁed constraints without changing the selected circuit block and the

processing method.

2. The method of claim 1, wherein the specification inciudes bus

identification information.

3. The method of claim 1, wherein the specification includes test

strategies.

4. The method of claim 1, further comprising the step of: |
(f) upon acceptance, deploying the circuit blocks on the floor plan
of the chip by adding standard and system specific interface for the

circuit blocks.

5. The method of claim 4, further comprising the step of:
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(g) forming glue circuits for interconnecting the circuit blocks.

6. The method of claim 1, further comprising the step of:
(f) forming a top-tevel plan for fabricating the selected circuit

blocks into the chip based on the circuit specifications.

7. The method of claim 5, further comprising the step of:
(h) verifying the proper execution of each of steps (c), (d), (e), (f)

r

and (g), before completing the process.

8. A method for designing a dircuit system, the method being
executed by a one or more designer, the method comprising the steps of:

(a) selecting a. pluralify of pre-designed circuit blbcks to be used to
design the circuit system; | '

(b) collecting data reflecting the experience of the designer
regarding the pre-designed and yet to be designed cifcuit blocks, the
designer’s experience being adaptable to a processing method;

(c) accepting or rejecting a design of the circuit system in a manner
based on the designer’s experience data and acceptable degree of risk;

(d) upon acceptance, forming block specifications containing
criteria and modified constraints for each of the circuit blocks; and

(e) upon acceptance, creating forming block specifications and glue.
logic for clocks, power, and bus communication to for deploying the
circuit biocks on a floor plan of a chip, in compliance with the criteria and
modified constraints meet the design objectives without changing the

selécted circuit block and the processing method.

9. The method of claim 8, further comprising the step of:
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* (f) upon acceptance, forming block specifications for deploying the
circuit blocks on a floor plan of a chip, in compliaﬁcé with the criteria and
modified constraints without changiﬁg the selected circuit block and the

processing method.

10. The method of claim 9, the steb {f) further comprising forming
virtual circuit specifications for each of the circuit blocks, to deploy the

circuit blocks on the floor plan of the chip.

11. The method of claim 8, the designer’s data experience
inéludihg at least one member of the group consisting of: field of use,
s_im.ulation', and partial or full implementation of at least one of the pre- -

"designed blocks.

-12. The method of claim 9, further comprising the step of

-{g) forming glue logic for interconnecting the circuit blocks.

13. The method of claim 9, further comprising the step of

(g) forming collar interfaces for interconnecting the circuit blocks.

~14. The method of claim 9, the step (f) further comprising: -
upon acceptance, forming a top-level plan for fabricating the
selected circuit blocks into the chip based on the virtual circuit

specificétions_.

1'5.. The method of'_ claim 9, further compris_ing the step of:
verifying the proper execution of each of steps {c), (d), (e}, and (f) before

completing the process. -

16. The method of claim 14, further comprising the step of:
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generating and verifying the resuiting physical layout, mask and test data

necessary to fabricate said chip.

17. A method for expanding an existing methodology for
assessing feasibility of a circuit design based on a predetermined type of
parameter, the method comprising the steps of:

(a) selecting a plurality of circuit blocks td be used in the circuit
design; .

{b) receiving the predetermined type of parameter for the circuit
blocks;

(c) assessing a first feasibility using the existing methodology
based on the predetermined type of parameter, the first feasibility
including a first risk indicator and first time/cost indicato‘rﬁ

(d) receiving at least a second type of parameter that has not been
used in the existing methodology;

{e) processing the second type of parameter to accommodate the
existing methodology; and
_ (f) assessing a second feasibility using the existing methodology
based on the predetermined type of parameter and the second type of
parameter, the second feasibility including a second risk indicator, and a
second time/cost indicator, wherein the second risk indicator has not
been substantially increased compared with the first risk factor due to the
use of the existing methodology, and the second time/cost factor has

been increased compared with the first time/cost factor due.'to the impact

- of the second type of parameter.

18. The method of claim 17, wherein the predetermined type of
parameter is field of use data, and the second type of parameter is either

estimation data or implementation data.
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- 19, --A method for expanding an existing methodology for
assessing feasibility of a circuit design based on a predetermined type of
parameter, the method comprising the steps of:

(a) selecting a plurality of circuit blocks to be used in the circuit
design;

(b) receiving the predetermined type of parameter for the circuit
blocks; '

(c) assessing a first feasiﬁility using the existing methodology
based on the predetermined type of parameter, the first feaéibility
including a first risk indicator and first time/cost indicator;

(d) receiving at least a second type of parameter that has not been
used in the existing methodology;

(e) bhanging the existing methodology to accommodate the second
type of parameter; and '

(f) assessing a second feasibility using the changed methodology
based on the predeterinined type of parameter and the second type of
parameter, the second feasibility including a secdnd risk indicator, and a
second time/cost indicator, wherein the second risk indicator has been
increased compared with the first risk factor due to the change of the
existing methodology, and the second time/cost factor has not been
substantially increased compared with the first time/cost factor due to

the change of the existing methodology.

20. The method o_f glaim.19, wherein t_hg predetermined type of
parameter is field of use data, and the second type of parameter is either

estimation data or implementation data.
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21. A method for expanding an existing methodology for
assessing feasibility of a circuit design based upon a predetermined set of
design characteristics, the method comprising the steps of:

(a) determining to be the field of use a set of design characteristics
for which design risk is known and acceptably small;

(b) selecting a plurality of circuit blocks to be used in the circuit
design; |

{c) receiving predeterminéd design characteristics for the circuit
blocks; | .

~ (d) assessing a first feasibility using the existing methodology
based
upon the field of use characteristics, the first feasibility including a
first risk indicator and first time/cost indicator;

(e) receiving at least a second design characteristic which has not

been used in the existing methodology; )

(f) proceésing the second desi_gn_ characteristic to accommodate the
existing methodology; and

(g) asseséing a second feasibility using the existing methodology

based on the field of use characteristics and the second design

characteristic, the second feasibility including a second risk indicator, and
a second time/cost indicator, wherein the second risk indicator has not
been substantially increased compared with the first risk factor due to the
use df the existing methbdology__, and the second time/cost factor has
been increased compared with the first time/cost factor due to the impact

of the second design characteristic.

22. The method of claim 21, where in the predetermined design

characteristics are within the definition of the field of use data, and the
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error-risk associated with correct preductlon of the second type of design
~ characteristic bemg known from elther estnmatlon data or implementation

data.

23. A method for expanding an existing methodology for
- assessing feasibility of a circuit design based upon a predetermined set of
design characteristics, the method comprising of: |
* {a) determining to be the' field of use a set of design characteristics
for which design risk is known and small; '
(b) selecting a plurality of circuit blocks to be used in the circuit
design; '
{c) receiving predetermined design characteristics for the circuit
blocks; | | | |
(d) assessing a first feaslblllty usmg the existing methodology
based upon the field of use characteristics, the first feasnblllty mcludlng a
- first risk indicator and first time/cost lndlcator,
(e) receiving at least a second design characferistic whidh has not
been used in the existing methodology;
{f) changing the existing methodology to accbfnmodaté the second
- type of design characteristic; |
(g) assessing the second feasibility using the changed methodology
based on the field of use design characteristics and the second typ'e of
design characteristic, the second feasibility including a second risk
indicator, and a second time/cost indicator, wherein the second risk
indicator has been increased compared with the first risk factor due to
the change of the existing methodology, and the second time/cost factor
has not been substantially increased compared with the first time/cost

- factor due to the change of the existing methodology.
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.24. The method of claim 23, where in the predetermined design
characteristics are within the definition of the field of use data, and the
error-risk associated with correct prediction of the second type of design

_characteristic being knqwn from either estimation data or implementation
data.

25. A method for perforfning a feasibility assessment for a circuit
design, comprising the steps of:

(a) receiving requirements and constraints for the circuit design;

(b) selecting a pluraliiy of pre-designed circuit blocks to be used in the
circuit design;

(c) coltecting field of ekperience data for the circuit blocks;

{d) forming a first level decision rule using the field of experience data
for the circuit blocks, the first Ie\)el decisfon rule'including an acceptance
region, a rejecting region, and an uncertain region;

(e) making a first level predication u'sihg the requirements and
constraints based on the first level decision rule;

(f) accepting the circuit design if the first level predication is within
the acceptance region of the first level decision rule, and rejecting the
circuit design if the first level predicaf_ion is within the rejecting region of
the first level decision rule; and

(g) forming a second level decision rule- for making a second level
predication for the circuit design, if the first level prediction is within the

uncertain region of the first level decision rule.

26. The method of claim 25, further comprising the steps of:
(h) collecting estimation data for the circuit blocks, wherein the

second level decision rule in (g) is formed using the estimation data, the
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second level decision rule including an acceptance region, a rejecting
- region, and an uncertain region; |
(i) making the second level predication usiné ."fhe requirements and'
- constraints based on the second level decision rule,

{})) accepting the circuit design if the second :I_fieivel prediction is within
the acceptance region of the second level decisjoh rule, and rejecting the
circuit design if the second level predication is wnthm the rejecting region
of the second level decision rule, and

(k) forming a third level decision rule for makmg a third level
predication for the circuit design, if the second Ievel prediction is within

the uncertain region of the second level decision rule.

27. The method of é!_eim 26, further comprising the steps of:

(L) colleeting_ implerhentation &_ata f_or the cir_e;:_it blocks, wberein the
thi.rd Ievel decieion rule in (k) is formed' using the iﬁlplementation data,
'the third level declsmn rule mcludlng an acceptance region, a rejecting
region, and an uncertaln region;

(m) making the third level preductlon usmg the ‘requirements and
constramts based on the third level decision rule,

(n) accepting the circuit de5|gn if the thlrd Ievel predlctson is within
the acceptance reglon of the third level decision rule, and rejecting the
circuit design if the third level predlcatlon is w:thm the rejectlng region of

the third level decision rule.

28. The method of claim 27, wherein:
the estimation data has a higher cost of collection and a higher
accuracy than the field of experience data; and
the implementation data has a higher eost of collection and a higher

accuracy than the estimation data.
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29. A method for refining a first decisiofi rule for a circuit design,
comprising the steps of:

(a) receiving requirements and constraints of a circuit design;

(b) selecting a plurality of pre-designed circuit blocks to be used in the
design;

(c) identifying at least one of the circuit blocks as a critical circuit
block and the rest of the circuit blocks as non-critical circuit blocks;

(d) collecting field of experience data for the non-critical circuit
blocks, and collecting estimation data and/or implementation data for the
critical circuit block; and

(e) forming a refined first decision rulé by combining the field of

experience data with the estimation data or implementation data.

30. The method of claim 29, the decision rule including an
acceptance region, a rejecting region, and an uncertain region, the
method further comprising the steps of: '

(f) making a prediction using the requirements and constraints based
on the refined decision ruie in (e); and

{g) accepting the circuit design if the predication is within the
acceptance region, a.nd rejecting the circuit design if the predication is

within the rejecting region.

31. The method of claim 30, wherein: -
the .estimation data has a higher cost of collection and a higher
accuracy than the field experience data; and
the implementation data has a higher cost of collection and a higher

accuracy than the estimation data.
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32. A method for forming a secorid deczslon rule for a circuit

design, compnsmg the steps of: -

(a) receiving requrrements and constramts of the circuit design;

(b) selecting a- plurallty of pre-designed cnrcult blocks;

(c) identifying a_t least one of the circuit blocks as a critical block and
the rest of the cirCuit blocks as non-critical circ't:'jit' biocks;

(d) collecting estlmatlon data for the non—cntlcal circuit blocks, and
collecting lmplementatlon data for the critical cnrcuut block; and

(e) forming a refined second decision rule by qsmg the estimation

data and the implementation data.

33. The method of claim 32, the decisioh rtxle including an
acceptance regxon, a rejecting region, and an uncertam region, the
method further compnsung the steps of: .

{f) making a prcdlcatlon using the requiremehts and constraints based
on the refined deciéicn rule in-(e); and '

(g) accepting the circuit design if the 'p'redicti,b_h is within the
acceptance region, and rejecting the circuit desig.n' if the predication is

within the rejecting region.

34. The method of claim 33, wherein' _
the implementation data has a higher cost of collectcon and a higher

accuracy than the estimation data.

35. A method for organizing expenence data of a des.lgner
regarding a plurahty of pre-designed circuit blocks to be used to design a
circuit system, wherein the method is executed _by the designer and the
experience data is used to perform a feasibility acsessment for the circuit

system desigh, the method comprising the steps of:
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_{a) defining aset of parameters by which experience data can be
measured;

(b) identifying experience data of the designer regarding the circuit
blocks;

(c) classifying the identified designer’s experience data into a plurality
of classes, wherein the experience data classes correspond to the circuit
blocks;

{d) using the designer’s expérience data to form a decision rule, the
decision rule including an acceptance region, a rejecting region, and an
uncertain region; and

(e) making a prediction using the requirements and constraints based

on the decision rule.

36. The method of claim 35, further comprising the step of:
{f) accepting the circuit system design if the estimation is within the
acceptance region of the decision rule, and rejecting the circuit system

design if the estimation is within the rejecting region of the decision rule.

37. The method of claim 35, further comprising the step of:
{f) refining the classes of_ the experience data to minimize feasibility

assessment error.

38. The method of claim 35, further comprising the step of:

(f) c,eftifying the experience data.

39. The method of claim 35, wherein the identified experience
data includes at least one of predicted experience data or collated

experience data.

40. The method of claim 35, further corhprising the step of:
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. (f) building a model upon the identified designer’s experience data

to predict similar pérameters of a similar desigr’\;"?;'.?

41. For exe¢ution in an integrated circuif:&fevice design scheme,
wherein a device dé#ign- comprises a plurality'of ﬁfe-éxisting design
blocks, a method o_'f-increasing glue logic distrib‘uiion efficiency, the
method comprising the steps of: o

copying a selected glue logic element, 'thg_areby'creating a duplicate
element set including said selected element and:"it.s copy;

distributing sa’id duplicate element set t'o_fﬁe plurality of design

' blocks. |

42. For execution in an integrated circuit dévibe design scheme,
wherein a device design comprises a plurality o_f ‘pre-existing désign
blocks, a method of distributing a pl_tirality'of g!ujé logic elements among

the design blocks, the method comprising the steps of:

if a first glué logic element iricludes an outﬁt’fxt net driving a plurality
of loads, splitting th__e first element intp a plurality:-.of derivative glue logic
e.lements: and N | | )

distributing said derivative elements to thé‘lp'lurality of design

blocks.

43. The method of claim 42, wherein eaéh derivative element

includes only a single output load.

44. The mei’h_od of claim 42, wherein if éfi_rst glue logic element

includes a plurality of ihputs, the split element i$: ‘ghe first element.

45. The method of claim 42, wherein a de_i'ivative element includes

only two-inputs.

138

A



WO 00/19343 T . PCT/US99/22984

46. For exebutlon in an integrated circuit device design scheme,
wherein a devicé design comprises a plurality of pre-existing design
blocks, a method of distributing a plurality of glue logic elements among
the design blocks, the method comprising the steps of:

analyzing the plurality of elements for a selected quality;

merging a selected glue logic element into a selected block in a

manner based upon the analysis.

47. The meth_o.d of claim 46, wherein the selected block is
selected in a manner based upon its functional affinity to the selected

element.

48. The method of claim 47, wherein said functional affinity
comprises whether the merger would reduce the number of physical {/O

elements required for the proper function of said circuit device design.

49. The method of claim 46, wherein if two or more design blocks
are equal candidates for the merger, the block having the lowest pin

density is chosen.

50. The method of claim 47, wherein said functional affinity
comprises whether a selected element and a selected block together have

improved chip level timing characteristics.

51. For execution in an integrated circuit device design scheme,
wherein a device design comprises a plurality of pre-existing design
blocks, a method of distributing glue .Iog'ic, the method comprising the
steps of: | ' '

identifying a plurality of elements that can be neither copied and

distributed among the design blocks or merged with the design blocks:
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clustering t'he identified : plurali_'tv'of' 'e"lerﬁ_"e:hts.:

52 The method of clanm 51, wherein each of the clustered
elements mcludes multlple Ioads on input nets. and multiple loads on

output nets.

53. The method of claim 51, wherein the plurahty of elements

include inputs havmg similar functlon

54. For execution in an integrated circuit device deeign scheme,
wherein a device design comprises a plurality of .;:_)re-existing design
blocks, a method elf distributing glue logic amorig' the design blocks, the
method comprising the steps of: _

sdentlfymg a first feature of a first glue Iognc element;

identifying a;second glue logic element h_aymg a second feature
making the second "'.glue Iogie element compatible with the first glde logic
element;. " ' '_ -

merging said first glue logic element with the identified second glue

logic element.

- 55. The method of claim 54 wherein said first feature comprises
the number of pins required hy said first glue Io_gie element.
56. The method of claim 54 wherein said first feature comprises

the input structure of said first glue logic elemeht.‘

57. The method of elaim 54 wherein said first feature comprises

the output structure of said first glue logic element.

58. The methed' of claim 54 wherein the second giue logic element

is a design block.
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59. A me;h’jod for converting a specific.interface of a circuit block,
the method combrising the steps of:

(a) defining a standard interface; and

(b) connecting a collar interface to_the circuit block, the interface
having a first portion connectable to the circuit block, a second portion in
compliance with the standard interface, and a third portion for converting

the specific interface into the standard interface.

60. The method of claim 59, wherein the collar interface can be in

bhard, soft, or firm format.

61. The method of claim 59, wherein the circuit block is a

memory, a processor, a random logic, or an analog/mixed signal.

62. The method of claim 59, wherein the collar interface includes
multiple layers, including a block-specific standard layer and a system-

specific layer.

- 63. A method for connecting a first circuit block and a second
circuit block, the first circuit block having a first specific interface and the
second circuit block having a second specific interface, the method
comprising the steps-of: _

(a) defining a standard interface for connecting the first and second
circuit blocks; 5

(b) connecting a first éollar i_nt_erface to the firgt circuit block, the
first interface having a firsi portion connectable to the first circuit block, a
second portion in compliance with the standard interface, and a third
portion for converting the first specific interface into the standard

interface;
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{c) conneotmg a second collar interface to the 8
‘the second collar lnterface havmg a first portion bemg a
connected to the second clrcwt block, a second portlon n
with the standard interface, and a tl'urd port:on for convert.
specific interface into the standard interface; and

{d) connecting the first and second circuit blocks using

standard interface.

64. The method of claim 63, wherein the fir_ét_'and second

interfaces can be in hard, soft, or firm format.

65. The methofd of claim 63, wherein the first and second circ
block is a memory, a processor, a random logic, or en analog/mixed

signal.

- . 66. The method of claim 63, wherein the first and second collar
mterfaces include multlple layers, including a block-specific standard layer

and a system-specific _layer..

'87. A collar interface for converting a specific .inter'face of a circuit
block into a standard interface, the collar interface comprising:
(a) a first portion contéining components connectable to the
specific interface of the circuit block; |
(b) a second portion in compliance with the standard interface; and
.(c) a third portion for converting the specific i:'n_t'erface into the

standard interface.

68. The collar interface of claim 67, wherein the apparatus can b

in hard, soft, or firm format.
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69. The collar interface of claim 67, wherein the circuit block is a

memory, a processor, a random logic, or an analog/mixed signal.

70. The collar interface of claim 67, wherein the collar includes
multiple layers, including a block-specific_ standard layer and a system-

specific layer.

71. An interface system for connecting a first circuit block and a
second circuit block through a s-tandard interface, the first circuit block
having a first specific interface and the second circuit block having a
second specific interfaée, the interface system comprising:

(a) a first collar interface connected to the first circuit block, the
first collar interface including (1) a first portion containing components
connectable to the specific interface of the first circuit block, (2) a

| second portion in compliance with the standard interface, and (3) a third
portion containing components for converting the first specific interface
into the standard interface; and |

(b) a second collar interface connected to the second circuit block,
the second collar interface including (10) a first portion containing
components connectable to the specific interface of the second circuit
block, (2) a second portion in compliance with the standard interface, and
(3) a third portion containing components for converting the second

specific interface into the standard interface.

72. The interface system of claim 71, wherein the first and

second collar interfaces can be in hard, soft, or firm format.

73. The interface system of claim 71 , wherein the first and
second circuit block is a memory, a processor, a random logic, or an

analog/mixed signal.
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74. The interface system of claim 71, wherem the first and
second collar mterfaces include multiple layers, mcludlng a block-specific

standard layer and a system-spec:flc Iayer

75. Ina OITCLHt design method, Wherein e-eircuit under design
comprises a pluralify of pre-existing design bloqgcs, a method of selecting
a circuit bus, the method comprising the steps of |

observing data transactienal behavior be_t:ween the plurality of
design blocks; |

deriving from the observed transactional behavior a plurality of bus
criteria;

selecting a bus structure from a library of a'vailable bus design
blocks in a manner based upon said plurahty of bus criteria; . -

mtegratlng said selected bus structure lnto said circuit.

76. The method of clalm 75, whereln sald plurality of bus criteria
comprise at least one member of the group consnstmg of bus size, bus

bandwidth, bus performance l_evel, and slgnal latency.

77. The method of claim 75 further c'omp'c'i:.sing, before selecting a
bus, clustering the plurality of design blocks aceo“rding to a plurality of
communication requnrements between the: blocks, thereby forming a

plurahty of block clusters.

78. The method of claim 77, wherein assigned to each formed
cluster is a bus selection criteria comprising at least one member of the
group consisting of bus size, bus bandwidth, bus performance level, and

signal latency.
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79.  The:method of claim 75, whereiri the deriving step
comprises deriving requirements for communications between

at least one of the blocks and an 1/O structure within the circuit.

80. The method of claim. 75, further comprising mapping the

selected bus structure into the circuit by modifying its bus interface logic.

81. The method of claim 75,.wherein said deriving step
comprises: | | | _

creating a data trénsfer matrix, including a piurality of data transfer
count entries; and

organizing the data transfer matrix by moving the largest of the

counts toward a central axis in the matrix;

82. The method of claim 81, wherein said deriving step further
comprises:
weighting the count entries according to a selected weighting

~ criteria.

83. The method of claim 77, wherein said deriving step comprises

creating a cluster value matrix, including a p.lural.ity of data
representing distribution of data flow within.the bus to be éelected;

optimizing data flow within the bus to be Selected by selectively

reorganizing said distribution data.

84. The method of claim 75, wherein the step of observing data

transactional behavior is perforrped on a behavioral model.

85. The method of claim 84, wherein the behavioral model

includes a plurality of design biocks and an 1/0O structure.

A AR



WO 00/19343 PCT/US99/22984

86. The method of claim 84, wherein the behavaoral model is

modified to collect transactlon data.

87. Ina block based design methodology for realizing a circuit
design, the design comprising a plurality of pre-exlstlng design blocks, a
method of: desngmng a device embodying the desrgn and enabling testing

of the device after manufacture, the method compnsmg the steps of:

establishing a test development framework _

developing, in compllance with the framework a plurality of test
‘blocks for testing the desrgn blocks;

mapping the plurality of test blocks to develop, in compliance with
the framework, a test for the circuit design. '

88. The method of claim 87, wherein the establishing step
comprises identifying the piurality of pre-exlstlng desngn blocks according
to a set of quallflers, said qualifiers comprising at least one entry from the '
group consisting of a test model, a test method, a test data, and a test '
interface. ' -

89. The method of claim 88, wherein the set of qualifiers
comprises an abstraction of the design biocks, enabltng top-down test
planning.

90. The method of clalm 87, wherein the framework comprises a
test budget for each of the blocks

91. The method of claim 87, further comprising enabling
concurrent testing on more than one of the blocks.

92. The method of clarm 91, wherem sald enabllng step compnses
expanding a device-level test interface. -

93. The method of claim 91, wherein said enabling step comprises
manipulating a tester timeset to minimize tester setup time between test
blocks.
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94. The _r'ﬁ’e;_‘_t_hod of claim 87, further comprising packaging the
framework and a block test as a test-ready design block for test re-
usability.

95. A method of designing an integrated circuit device for post-
mahufacturing testability, the circuit comprising a plurality of pre-existing
design biocks, the method comprising the steps of:

abstracting each of the pre-existing blocks to establish a circuit
test development framework; .

formulating a design scheme, including a plurality of tests, for the
device while maintaining a predictable estimation of the overall testability
of the circuit design. ' '

96. The method of claim 95, wherein the circuit testing
framework is optimized for a plurality of test objectives.

97. The method of claim 95, wherein the circuit testing
framew_ork will be rejected if a risk level of reaching a pre-determined
block testability level is greater than an acceptable level.

98. The method of claim 95, wherein the framework comprises
test cost budgeting criteria.

99. The method of claim 98, further comprising the execution of
test efficacy exchanges by adding a test to the design scheme.

100. The method of claim 98, further comprising the execution of
test efficacy exchanges by removing a test from the design scheme.

101. The method of claim 95, further comprising refining the
design scheme within designated tolerances.

102. The method of claim 95, further comprising enabling
concurrent test development as part of the design scheme,
by allowing each block to be tested with a selected suitable
test method. ' |
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- 103 The method of claim 95, wherein"t'h;e' 'deSiQh scheme includes
a test interface and the interface is compatlble with- a plurality of
dnsslmslar test protocols :

104. The method of claim 95, further comprising simplifying a test
scheduling portion of the desngn scheme by concurrently executing more
than one block test. -

105. The method of claim 95, further comprising duplicating test
~ vectors among design blocks, thereby reduclng the elapsed time between
test blocks with the design scheme.

106. The method of claim 95, wherein a' plurality of similar test |
blocks are executed consecutively, thereby reducing elapsed test time. |

- 107. The method of claim 95, further comprising using designer
feedback to update the desugn scheme for adaptatlon to a p!urallty of
circuit designs. .

108. A method of verifying the proper function of a circuit design,

“the design compri_s_ing a plurality of pre-existing design blocks, the
method comprising the steps of:

obtaining a circuit design model and a circuit test bench;

partitioning the circuit design model into a piurality of block
modeis;

creating a bus model interconnecting the plurality of block models;

creating a plurality of test benches for verifying the plurality of
block models and bus -model;

using the test benches to verify the functlon of the plurality of
block models and the bus model. :

109. The method of ciaim 108, wherein the circuit design model
includes a top level. '

—_—

R T



WO 00/19343 | S |  PCT/US99/22984

110. The method of claim 108, wherein the bus model comprises
glue logic circuitry from the block models.

111. Th_e method of claim 108, wherein verif_ying the function of a
block model comprises register transfer Iangua_ge verification/

112. The method of claim 108, wherein verifying the function of a
block model comprises pre-layout netlist verification.

113. The method of claii‘n_ 108, wherein verifying' the function of a
block model comprises post-layout netlist verification.

114. The method of claim 108, wherein after attempting to verify
the plurality of block models, the plurality of block models are modified
for cycle accuracy.

115. The method of claim 108, further comprising the steps of:
developing a test bench for the circuit design; and
attempting to verify the function of the circuit design.

116. The method of claim 115, wherein verifying the function of
the circuit design comprises register transfer language verification.

117. The method of claim 115, wherein verifying the function of
the circuit design comprises pre-layout netlist verification.

118. The method of claim 115, wherein verifying the function of
the circuit design comprises post-layout netlist verification.

119. The method of claim 108, wherein after attempting to verify
the circuit design, the circuit test bench is modified for cycle accuracy.

120. A method for evolving an initial behavioral level test bench
with no timing content into a cycle accurate test bench suitable for
functional verification of all timing accurate views of the design, the
method comprising the steps of:
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determining mvarlant output of execution of the desngn on the test
bench;.

modifying the test bench to include clocks; _

executing the modified test bench on a timing accurate model; and

combaring the invariant output of the test bench.

121. A method of verifying the proper function of a circuit design,
the design comprising a plurality of pre-existing design blocks, the
method comprising the steps of:

obtalnmg a circuit design model mcludmg a top level and a plurality
of block models;

obtamlng circuit test bench;

creating a bus model interconnecting the plurality of block models;

creating a plurality of test benches for venfymg the plurality of
block models and bus model;

using the test benches to verify the function of the plurahty of -
block modeis and the bus model.

122. A method for evolving an initial behavioral level test bench
without timing content into a cycle accurate test bench smtable for
functional verification of substantially tlmmg-accurate views of a design,
the method comprising the steps of: -

determining an invariant output of execution of the design on the
test bench;

modifying the test bench to include clocks;

executing the modified test bench on a substantially

timing-accurate model; and o
comparing the invariant output of the testbenches.
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