SAME98, October 29th 19981Abstract:The continuing increase in the complexity ofi n t e g r a t e d c i r c u i t s , t o g e t h e r w i t h t h e r e s u l t i n g automation of the design process has resulted in agreater emphasis on post-layout verification. Thisinvolves checking the functional correctness of thefinal design, as well as verifying the timing andpower consumption constraints. Here we present afast algorithm of extracting an oriented and char-acterized gate-netlist from a post-layout transistor-level netlist. This netlist can be used by gate-leveltiming and power verification tools, in addition tobeing used to generate an extracted behavioraldescription for comparison with the initial circuitspecifications.1. INTRODUCTION1.1. BackgroundThe typical approach to post-layout circuit veri-fication assumes that a design has been performedusing a cell library. This implies that a gate-levelnetlist of the complete design is already available,which can be back annotated to take into accountlayout information. However, modern circuits areoften designed using different design approachesfor different blocks. Significant blocks of the circuitmay be designed using parameterized generators oreven full-custom, such that a gate netlist does notexist for these blocks.The lack of a gate netlist renders impossible theuse of rapid gate-level verification tools, whilst, forl a r g e d e s i g n s , t r a n s i s t o r - l e v e l v e r i f i c a t i o n w i t h methods such as SPICE remain computationallyprohibitive. To resolve this problem, a means ofgenerating an oriented gate netlist from an unori-ented transistor netlist is required; this technique isknown as circuit disassembly.Two basic methods exist; the first method usespattern-matching techniques to identify predefinedgates within the transistor netlist, the set of gatesbeing constituted from a user-defined library [2][3].This method, however, implies that the user mustdefine the rules for the disassembly, a process thatcan be complex and error prone, particularly forfull-custom blocks.1.2. ObjectivesOur method is based on a second approach,which can be defined as a partitioning of the tran-sistor netlist according to a limited number of ge-neric rules. The result of this partitioning is a set oforiented gates, which, although not necessarilyrepresenting the original netlist, nevertheless ex-press the signal flow within the circuit. This kind ofapproach has the advantage of being fully auto-matic, however, the majority of implementations ofthis approach suffer from an inability to handlediverse design styles.Our implementation, whilst being essentiallytargeted to CMOS designs, can efficiently handlecomplex design styles such as precharge logic orpass-transistor logic. This is achieved by perform-ing functional analysis during the partitioning phaseso that the behavior of extracted gates is exploitedto condition the extraction of remaining gates.2. METHOD2.1. The Circuit Partition ModelOur algorithm, known as YAGLE, uses a parti-tion model defined by an older disassembler toolDESB [1](also developed at the LIP6). The idea isto partition the circuit into extracted gates such thatthe states of all the circuit nodes connected to atleast one transistor gate are defined. To achievethis, a �pseudo-gate� or �cone� is constructed foreach of these nodes. A cone is defined as the set ofpaths for current flow between the power suppliesor external connectors and the node on which thecone is built. SAME 98Session: Tools / Flow Back EndCIRCUIT DISASSEMBLY FOR VERIFICATION AND FUNCTIONALABSTRACTION OF CMOS CIRCUITSAnthony Lester, Pirouz Bazargan-Sabet, Alain GreinerLIP6/ASIM LaboratoryUniversit� Pierre et Marie Curie (Paris 6)4, Place Jussieu, 75252 Paris Cedex 05

SAME98, October 29th 19982The result of this partitioning is a set of cones,which completely describe the state of all transistorgates and drivable external connectors. Each conebeing made up of the set of branches correspondingto the current paths. The principle of the cone parti-tioning is illustrated in Figure 1 for a small exam-ple. A

B

C

D

E

F

C

D

C

D

A

A

B

B

E

F

Figure 1 shows the branch structure of two ofthe cones produced for the given transistor netlist.This resulting cone netlist is subsequently co

pleted with connectivity information; each conecontains the list of cones by which it is driven andthe list of cones which it drives. The cone netlistthan then be considered to be a directed acyclic

The branch structure of the cone allows itsfunctionality to be readily expressed in terms of itsset and reset conditions. Thus, for each cone the

S x x

up i TN VddPaths j TP i j = � �

S x x

down i

TN VssPaths j

TP i j

= � �

where x corresponds to the signal on the tra

Equation 1 defines the set condition and Equa-

F F up down

� = 0

then the cone is locally non-conflictual sincethere exists no input pattern which can activate an

F F up down

+ = 1

then the cone is locally non-tristate since thereexists no input pattern which activates neither an up

The functional behavior of the cone can there-fore be obtained as soon as the cone is built, henceallowing it to be exploited to condition further coneconstruction. However, Equations 3 and 4 (the conetautology expressions) represent the conditions forlocal high impedance and conflictuality. The non-satisfaction of Equations 3 and 4 implies that thereexist direct input combinations that result in con flictuality or high impedance. However, the pr ceding logic may render impossible these combina- The construction algorithm detailed in the fol-lowing section allows global versions of the conetautology expressions to be verified by allowing theset and reset conditions to be expressed in terms ofprimary variables. These variables constitute thesmallest set of independent variables that can en

The main problem, which needs to be addressedby the cone construction algorithm is the preventionof false branch construction. An illustration of what

ABCDFG

Figure clearly shows that if the cone branchesare built without taking into account the surroun ing logic then there is a risk that functionally re-dundant branches will be built. In the case of Figure , the branch marked by the dashed line will bebuilt if the mutual exclusion of signals C and D is

out[0] out[1] out[2] in[0] in[1] in[2]s0s1s2

For certain design styles, notably barrel shifters(see Figure ) the number of possible false branchescan be extremely large, and hence computationallyexpensive, in terms of time and memory to elimi-nate a posteriori. The important problem to resolveis therefore the detection of signal correlations

The objective is to exploit signal correlationduring the cone construction phase, whilst mini-mizing the computational overhead where the coneextraction is simple enough to not require func-tional analysis. To achieve this, a two-phase alg

The first phase is the extraction of all CMOSdual cones. Since our target is CMOS VLSI, a largeproportion of any design is likely to be made up ofsimple CMOS gates. These do not require func-tional analysis of the logical context, since theirstructure does not allow false branches. In addition,the cone tautology conditions are verified locally,so no further analysis is required in order to exploit

We define CMOS dual cones as those which

a) Up branches contain only P-type transi

tors, and down branches contain only N-

No internal node of the resulting cone at- In addition, all circuit nodes on which a conemust be built are identified, and the corresponding

The second phase is the construction of all re-maining cones, conditioned by their surroundinglogic. The various stages of this phase are detailed

During the second phase of the cone constru

tion, a cone is built as soon as its surrounding logichas been completed. Thus, in order to minimizeredundant traversal of the incomplete cone list, aninitial approximation of the cone netlist connec-tivity is generated, producing an approximation ofthe global dependency graph (GDG) of the circuit.The list of cones is then traversed according to a

For each cone traversed, an attempt is made tobuild the local dependency graph (LDG) for thecone. The LDG is a directed single root nodeacyclic graph built, by recursive construction, sepa-rately for each cone and bounded by the following

a) Globally conflictual or high impedance

Node out of depth. The LDG is limited by auser-specified depth parameter defined, fora given node, as the longest path between

Criteria a) to d) correspond to valid stop criteriawhich are constant between iterations. If the con struction of the LDG is only limited by these crit ria then it is considered complete. Criterion iplies that the graph is incomplete within therequired logic depth, and hence the cone is skipped As soon as an incomplete cone with a completeLDG is reached, it is then necessary to detect theuseful correlations within the graph, thus we need The primary variables of a circuit node arethe smallest set of mutually uncorrelatedvariables which entirely define the state of A typical LDG produced for a depth of 4 isshown in Figure . In the example of Figure 4, theset of nodes that corresponds to the primary vari-ables is {B, D, E}. This set can be readily obtainedfrom the LDG, since it corresponds to the set of An articulation point, in a single root di-rected acyclic graph, is a node such that nonode upon which it depends has a path be-tween itself and the root node which does

ABCDEFGH

FOREACH node in graph

traverse from node

FOREACH node visited

increment VISITS

IF first visit

accumulate SONS

ENDFOR

IF VISITS = SONS

mark articulation

ENDFOR

01234 e.g.

For C: Sons=7, Visits=6

For E: Sons=4, Visits=4

From this definition, the articulation points of asingle-root graph are identified using the algorithmof Figure . It is then straightforward to traverse the When the set of primary variables of the coneunder construction have been obtained, thebranches are built by recursive construction fromthe cone output node. For each transistor link addedto a branch, the conductance of the resulting branchis verified. If the correlations between the primaryvariables are such that the branch is never active, its This verification is optimized by the dynamicmaintenance of the cone support graph, as shown in

Figure 5. This is a two-level graph whose outputsare the cone direct inputs and whose inputs are the

ABCDXYZ

Direct Inputs Primary Variables

For each transistor added, this graph is used toobtain the set of direct inputs correlated with itsown input. The product of these direct inputs isobtained in terms of the primary variables. A r

duced ordered binary decision diagram representa-tion is used for the Boolean expression manipula-tion. As a result, if the addition of the transistor hasblocked the branch, the product of the correlated

On termination of the branch construction, theglobal tautology expressions are verified by ex

panding the cone functionality to the primary vari-ables. This subsequently allows the immediateexploitation of the cone to condition the constru

Loops in the cone netlist can occur for a number False loops can occur in the initial approxima-tion of the global dependency graph, these merelyrender the cone list traversal sub-optimal and makesubsequent iterations necessary. These disappearduring the cone construction phase as false

Any genuine loops of more than two cones, re-maining after the construction phase, are consideredto be design errors and reported as such. Any two-cone loops are compared to a number of predefinedbleeder and latch forms, and marked correspond

ingly in the case of a positive identification. Any

The algorithm described above has been imple-mented in a tool distributed for evaluation as part of

A number of execution time results of the a proach are shown in Table 1. The results are fromexecution on a Sun UltraSparc 1 workstation with64Mb RAM, except the last result, which required a

The first three circuits are combinatorial blocksgenerated by optimized, parameterizable genera-tors, hence no original gate netlist exists. Disa sembly is the only way that gate-level verificationtools can be applied to these circuits. The last twocircuits are a complete 32 bit microprocessor and a

The results show that a generalized algorithmicapproach to the problem of circuit disassembly canbe developed. The cone partitioning algorithmcombined with a parallel exploitation of an ex tracted cone functionality can efficiently handle thetask of generating an oriented gate netlist for anunoriented �sea of transistors� for complex and This oriented gate netlist, being both functio ally and electrically equivalent to the original cir cuit can be used for functional verification, by fo mal proof or simulation, or timing and power M. Laurentin, A. Greiner, R. Marbot, �DESB,a Functional Abstractor for CMOS VLSI�,IEEE European Design Automation T. Kostelijk, B. De Loore, �AutomaticVerification of Library-Based IC Designs�,IEEE Journal of Solid-State Circuits, March J.-B. Guignet, �Abstraction Fonctionnelle desComposants VLSI�, PhD Thesis, Universit� A. Greiner, F. P�cheux, �Alliance: A CompleteSet of CAD Tools for Teaching Digital VLSIDesign�, 3rd Eurochip Workshop on VLSIDesign Training, pp. 230-237, September