ABSTRACTThis paper presents a new functional abstractiontool for CMOS VLSI. The tool uses a procedure calledcircuit disassembly in order to extract an oriented gatenetlist from a transistor netlist. Logic equations arethen generated for these extracted gates in order toproduce a VHDL data-flow description for a circuit.This tool combines an advanced functional analysistechnique with subgraph isomorphism algorithms inorder to handle the widest possible number of circuitstyles with a minimum of user intervention.1.˚INTRODUCTION1.1ContextThe continual increase in the complexity of inte-grated circuits poses a consequently heavier burden onthe verification stages of the design process. In addi-tion, the race to put new designs onto the marketmeans that all verification must be performed quickly,reliably, and with a minimum of user intervention.This paper describes a procedure for the post-layoutfunctional verification of CMOS VLSI designs, whichsatisfies these criteria.The principle of functional verification is a com-parison of the behaviour of the synthesised transistornet-list, obtained by extraction from the layout, withthe behaviour of the initial specification. Straightfor-ward switch-level simulation of the transistor net-listrapidly becomes unreasonable for large designs. Toresolve this problem, it is necessary to obtain, from thetransistor net-list, a set of logic equations, which en-tirely describe its behaviour. This allows the simula-tion to be performed at a higher level with corre-sponding speed gains. In addition, this also opens thedoor to formal proof comparison methods.1.2ObjectivesThe procedure of functional abstraction can be di-vided into two stages. The first stage is the extractionof an oriented gate net-list from the unoriented tran-sistor net-list. The second stage is the generation ofBoolean logic expressions for each of these gates inorder to produce a behavioural description of the entirecircuit.It is the first stage, known variously as gate extrac-tion [1], or circuit disassembly [2], which costs themost computing time. Two basic approaches have beenused to tackle this problem. The first approach usespattern-matching techniques to identify predefinedgates within the transistor net-list. This set of prede-fined gates is usually constituted from a user-definedlibrary [3][4]. This technique has the advantage offlexibility in that the user is able to tailor the tool tohandle a particular design style. However, the tech-nique suffers from the disadvantage of not being auto-matic, and from the fact that the user is required tohave a priori knowledge of the circuitry of the imple-mented design.The second approach can be defined as a partition-ing of the transistor net-list, according to a limitednumber of generic rules. Each partition represents anextracted gate for which a behavioural description canbe deduced [2]. If the rules are well defined, this ap-proach has the important benefit of being as generic aspossible without user-intervention. However, thetreatment of complex design styles such as prechargedlogic or pass-transistor logic can use a significantamount of computing time and memory.This paper presents a method based on the ap-proach presented in [2], with a new algorithm designedto cope with larger and more complex designs. This iscombined with functionality based on the first ap-proach in order to handle complex synchronous com-ponents and analogue components within a circuit.2.˚GENERAL METHOD2.1.˚The Cone ModelThe partition model used in our approach is thesame as used in [2]. The idea is to partition the circuitinto extracted gates such that the states of all the circuitnodes connected to at least one transistor gate are de-fined. In order to achieve this objective, an objectreferred to as a cone is built for each of these nodes. Acone is defined as the set of paths for current flowbetween the power supplies and the node on which thecone is built. Figure 1 illustrates this for a simple cir-cuit.YAGLE, a Second Generation Functional Abstractor for CMOSVLSI CircuitsA. Lester, P. Bazargan-Sabet, A. GreinerLIP6/ASIM LaboratoryUniversit� Pierre et Marie Curie (Paris 6)4, Place Jussieu, 75252 Paris Cedex 05E-mail: anthony.lester@lip6.fr

A

B

C

D

E

F

C

D

C

D

A

A

B

B

E

F

The result of the partitioning of the circuit is a setof cones (completely defining the state of all transistorgates and drivable external connectors); each cone

The connectivity of the cone netlist is established

- The INCONE list: the set of cones that attack

The OUTCONE list: the set of cones that contain

The branches allow the local functionality of thecone to be readily analysed. This functionality is ex-

S x x

up i TN VddPaths j TP i j = � �which defines the condition for which the output is

S x x

down i TN VssPaths j TP i j = � �which defines the condition for which the output is

where x corresponds to the signal on the transistor S S up down

� = 0then the cone is locally non-conflictual since thereexists no input pattern which can activate an up path

S S up down

+ = 1then the cone is locally non-tristate since there e

ists no input pattern which activates neither an up path

Note that the non-satisfaction of equations (3) and(4) does not imply that the cone actually correspondsto a high impedance or a conflictual node, since thepreceding logic can render impossible the direct input

This process is a significant evolution of that pr sented in [2]. The aim of the disassembly is to generatea fully connected, functionally correct cone netlist forthe entire circuit. In order treat more complex circuitsin as near as possible linear time, a new, two stage

1) Extraction of all simple CMOS dual cones 2) Construction of all remaining cones. A cone isbuilt only if the surrounding logic has alreadybeen extracted. The surrounding logic is e ploited during branch construction to prevent Our target is CMOS VLSI circuits, these invariablycontain a high proportion of simple CMOS dual gates.We define simple CMOS as the gates that meet the 1) Up branches contain only P-type transistors,and down branches contain only N-type tra 2) No internal node of the resulting cone attacks The fundamental problem to resolve for all the re-maining cones is that of false branches. This is illu

A

B

C

D

E

F

G

The example of Figure 2 shows a false branchwhich would be built for the cone A, if knowledge ofthe mutual exclusion of signals C and D were not taken

In order to exploit the surrounding logic during thecone construction phase, it is first necessary to verifythat sufficient logic has already been extracted. This isachieved by the attempted creation of the local depe graph (LDG) for the cone under construction. The LDG is a single root directed acyclic graph, 1) The graph is correct, apart from the direct inputarcs to the root node, necessarily an approxi mation, obtained from an initial traversal of the

2) The construction of the graph is limited by adepth parameter, defined, for a node within thegraph, as the longest path between that node

3) If the construction of the graph is only limitedby anything other than a node of an unfinishedcone, at less than the maximum depth, then the

A

B

C

D

E

F

G

H

I

J

K

L

LDG For Cone E :-

E

A

B

C

D

I

J

K

L

M

If the LDG is not complete, then constructionpasses to another cone, the original cone being dealtwith in a subsequent iteration as soon as its LDG is

Once a complete LDG has been obtained, thesmallest set of variables required to express the state ofthe root node must be obtained, this is the set of coneprimary variables. This set can be readily obtainedfrom the LDG, since it corresponds to the articulation

An articulation point, in a single root directedacyclic graph, is a node such that no node uponwhich it depends has a path between itself andthe root node which does not pass through this

The cone is then built by �growing� the branchesrecursively, link by link, as illustrated in figure 4. Thisprocess is optimised by the creation of the two-levelgraph shown in figure 4, which relates the cone directinputs to the primary variables. This graph is mai

tained dynamically during the branch construction

A

B

C

D

X

Y

Z

Direct Inputs

Primary Variables

At each addition of a new link to a branch, the u

dated graph is consulted to verify any correlations withpreceding links. Correlated direct inputs are expressedin terms of the primary variables, and the product ofthe resulting expressions is calculated. A value of zerofor the product indicates that the branch under co

struction is false. The construction of this branch is

The global functionality of the resulting cone isverified by expanding equations (1) and (2) in terms ofthe primary variables, before verifying the conditions

The algorithm of the preceding section works eff

ciently for combinatorial circuitry. However, any realcircuit contains components such as sequential ele-ments or even analog blocks for which the functional The number of forms of these types of componentsis generally limited in any circuit. This fact justifies apattern-matching approach for which the forms and To implement this, a development of the

ini [5] algorithm was used. The user specifies the tra sistor netlists of the components to be identified, alongwith their associated behavioural descriptions. Allinstances of these components are then identified in thetransistor netlist of the circuit, prior to the generaldisassembly stage. The transistors of each instance of acomponent are marked as corresponding to an instanceof that component, so that they can be ignored during The overall behaviour of the circuit is thereforecomposed of a combination of the specified behavioursof the pattern-matched components, with the generated The detection of a specified transistor netlist withinthe circuit is a two-phase algorithm based on the Su Gemini [5] method. It uses an initial phase to rapidlydetect possible instances within the circuit, beforeemploying a more computationally intensive phase to The first phase is identical to that of It employs a simple iterative relabelling techniqueto rapidly extract a limited list of candidates for thecomponent being searched. The circuit and to be identified are considered graphs as shown in

T1

T2

T3

S1

S2

S3

S4

S5

S4

T1

S1

S4

T2

T3

S3

S2

S5

Label Initialisation :-

T1, T3 = TN = 17

S1 = neighbours = 3

S2, S3, S4, S5 corrupt

Node labels are initialised in the circuit and thesubcircuit as in figure 5, with the external signals ofthe subcircuit being marked as corrupt. The nodes arethen relabelled iteratively according to equation (5),

with neighbours of corrupt nodes in the subcircuit

L X L X W L N

i n i n NX

all N i n

( ) ( ) ( )

= + = =

= + � � 1 W represents a connection weight chosen to max

mise the dispersion between different subcir-

The iteration is stopped when relabelling wouldrender all subcircuit nodes corrupt. The subcircuit nodewhose label has the least number of instances in thecircuit is retained as the key node, and all circuit nodeswith that label are retained as candidates for the second

The second phase is an original algorithm, whichverifies each candidate node, by attempting identicaltraversal of the circuit and the subcircuit in a similarway to that used in [6]. However, the problem ofbacktracking from an incorrect traversal is avoided bymaintaining a matrix of all possible solutions duringthe traversal. Possible solutions are created and deleteddynamically as the circuit and subcircuit are traversedsimultaneously. If any solutions remain, once all nodesof the subcircuit have been traversed, then the cand

date is verified. Note that it is possible for more thanone solution to remain, for example in the case ofsymmetric subcircuits. In this case, the solution choice

The algorithms described have been fully imple-mented in �C� in a program distributed for evaluation

A number of results for this hybrid approach arepresented in table 1. The results are from execution ona Sun UltraSparc 1 workstation with 64Mb RAM.Table 2 shows the amount of execution time used forthe pattern-matching stage for the same circuits. Thebehavioural descriptions obtained were validated by

The program is able to cope with significantly sizedblocks of over 100,000 transistors in reasonable time.However, the architecture has a significant influenceon the execution times, as is shown by the results for

For the pattern-matching stage, it can be seen that arelatively small number of models is required to copewith the circuits. The simplicity of the phase 1 Su Gemini algorithm renders the subcircuit detection

The tool demonstrates the efficiency of a hybridapproach to functional abstraction. The combination ofpattern-matching for the detection of a small numberof complex gate types, with automatic treatment of themajority of gates, results in a tool which comes closeto satisfying the demand for fully automatic generationof a behavioural description from a transistor netlist.This description must be sufficiently robust to allowformal proof or simulation verification of the synthe-

M. Boehner, �LOGEX - An Automatic Extractor fromTransistor to Gate Level for CMOS Technology�, 25thACM/IEEE Design Automation Conference, pp. 517-522, M. Laurentin, A. Greiner, R. Marbot, �DESB, aFunctional Abstractor for CMOS VLSI�, IEEE European T. Kostelijk, B. De Loore, �Automatic Verification ofLibrary-Based IC Designs�, IEEE Journal of Solid-State J.-B. Guignet, �Abstraction Fonctionnelle desComposants VLSI�, PhD Thesis, Universit� Pierre et M. Ohlrich, C. Ebeling, E. Ginting, L. Sather,�SubGemini: Identifying SubCircuits using a FastSubgraph Isomorphism Algorithm�, 30th Design F. Lellau, T. Hoepken, E. Barke, �A TechnologyIndependent Block Extraction Algorithm�, 21st Design A. Greiner, F. P�cheux, �Alliance: A Complete Set ofCAD Tools for Teaching Digital VLSI Design�,

Eurochip Workshop on VLSI Design Training, pp. 230-