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Circuit Equivalence Classes and Design of Experiments forPerformance Evaluation of Algorithms in Physical Design2CBL (Collaborative Benchmarking Lab), Dept. of Comp. Science, Box 7550, NC State U., Raleigh, NC 27695http://www.cbl.ncsu.edu/Debabrata Ghosh Franc BrglezAbstract { The Internet-based desktop environment as de-�ned in this paper consists of a cross-platform browser, anumber of server icons (host nodes), a number of applicationicons (program nodes) and a number of data icons (�le nodes).In contrast to typical desktops of today, where data icons maybe dragged and dropped onto application icons for execution,this environment allows (1) user-de�ned and recon�gurableexecution sequences by creating dependency edges betweenprogram nodes (application icons) and �le nodes (data icons);(2) data-dependent execution sequences by dynamic schedul-ing of path as well as loop executions; (3) host-transparencyas to the location of applications and data (both can reside onany host with a unique IP address).We demonstrate that the Internet-based work
ow paradigmis suitable for creation of dynamically recon�gurable desktopenvironments. In related research, we show that the proposeddesktop is particularly suitable for making such an environ-ment collaborative and recordable.I. IntroductionDesign of Experiments and Experimental Design are well-established disciplines in sciences and manufacturing pro-cesses; keyword entries to pupular search engines on the Webreturn up to 11,259 and 32,086 hits, respectively. However,the application of the Design of Experiments (DoE) method-ology to performance evaluation of algorithms in CAD doesnot appear to be included in these hits.Upon analysis of results in current publications on VLSICAD, a statistician could well conclude that the incrementalimprovements in say wire length after placement, layout areaafter placement and routing, etc., as typically reported, havelittle if any statistical signi�cance. The major problem is thatexperiments are performed on a single instance of few unre-lated circuits { unlike the experiments in, say biomedicine,that are expected to be conducted on a a class of subjectswith well-controlled properties (same species, same sex, sameage, same weight, same cholesterol level, etc.). As we demon-strate in the paper, the performance of a heuristic can varywidely just by changing the order in which the data for thesame netlist is presented.A number of approaches to synthesize circuit descriptions,expected as useful for `benchmarking', have been publishedThis research has been supported by contracts from the Semiconduc-tor Research Corporation (94{DJ{553), SEMATECH (94{DJ{800), andDARPA/ARO (P{3316{EL/DAAH04{94{G{2080).\Permission to make digital/hard copy of all or part of this work for personalor classroom use is granted without fee provided that copies are not madeor distributed for pro�t or commercial advantage, the copyright notice, thetitle of the publication and its date appear, and notice is given that copyingis by permission of CBL. To copy otherwise, to republish, to post on serversor to redistribute to lists, requires prior speci�c permission and/or a fee."c
 1998 CBL

recently. Unlike random graphs, these take into account con-straints of digital circuits [1],[2] [3]. The approach in [4] re-lies on logic-invariant transformations and can generate largerand larger graphs without changing the function. However,as shown in this paper, reporting results of `benchmarking'is not equivalent to reporting results of experimental designwith equivalence circuit classes. We expand on the notion of`equivalence class', as introduced in [3], to not only formalizethe design of experiments but also to introduce an importantnew circuit equivalence class, the class of sequential mutants.The paper is organized into sections that bring together thefollowing: (1) formal introduction of equivalence classes, usingthe directed bipartite graph as the primitive class; (2) designof simple experiments to illustrate the performance evaluationof representative algorithms in physical layout with classesin (1); (3) characterization of invariants in netlists with cy-cles such that we can synthesize sequential circuit equivalenceclasses called sequential mutants.II. Background and MotivationIn this section we formalize the de�nitions that lead to graphequivalence classes and conclude with representative illustra-tions for each member of the class.Crossing number in bidags. Consider a bipartite directedacyclic graph (bidag) G2 = (V0; V1; E) and its embedding ina plane so that the nodes in Vi occupy distinct positions onthe line x = i and the edges, directed from V0 to V1, arestraight lines. We consider each embedding as a presenta-tion hG2; �0; �1i, where �i is a permutation of Vi. For anyembedding, C(hG2; �0; �1i) denotes a crossing number of G2,the number of line intersections induced by the embedding.This number depends only on the permutation of Vi alongy = i and not on speci�c y-coordinates. The objective ofthe bigraph crossing problem is to compute (or approximate)C(G2) = min�0;�1 C(hG; �0; �1i), a problem proven to be NP-hard [5].Characteristic signatures of bidags. A characteristic sig-nature of a reference graph (bidag) G2;r bidag can be any num-ber of mappings based on parameters that relate to the sizeand distribution of vertices and edges in the graph. Examplesof signatures that we �nd useful in this work include:�iso(G2;r) = I (Identity)�mut(G2;r) = fjV0j; (distjV1j); (dist(jEj))g (1)�rnd(G2;r) = fjV0j; jV1j; jEjgwhere (distjV1j) denotes the distribution of vertices in V1,classi�ed in terms of edges incident at each vertex, and(dist(jEj)) denotes the distribution of edges in E classi�edin terms of connected components that constitute G2;r .Perturbations in bidags. Given G2;r, we induce a pertur-bation graph (bidag) G02;r as follows: (1) we randomly select
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(place & route in OASIS)Fig. 1. Illustrating graph and hypergraph models of a directed bi-partite graphs (bidags) for three equivalence classes.and remove a fraction q of edges from E and put them intoan empty urn, (2) we pick edges from the urn and randomlyconnect vertices V0 and V1, preserving the direction from V0to V1, until the urn is empty.Equivalence classes of bidags. We de�ne equivalenceclasses (of bidags) in terms of presentations hG2;r; �0; �1i, sig-natures �(G2;r), and perturbations G02;r. In this paper, wede�ne three equivalence classes: isomorphic, mutation, andrandom:(G2)iso = fpresentationhG2;r; �0; �1ij�iso(G2;rg(G2)mut = fpresentationhG02;r; �0; �1ij�mut(G2;rg (2)(G2)rnd = fpresentationhG02;r; �0; �1ij�rnd(G2;rgEach class must satisfy the characteristic signature associatedwith the class. There can be several subclasses of the mutantclass, depending on the size of the perturbation in G02;r. Foruniformity with earlier classi�cations and illustrations in thispaper, we refer to (G2)iso as the WD class, (G2)mut as theWBB class, (G2)rnd as the WRD class.Illustrations (graph model). Representative instances ofreference bidags for each of the three classes are shown inthe top part of Figure 1 (we defer the discussion about thebottom part to the next paragraph). In the context of thework that follows, we will refer to vertices in V0 as net nodesand vertices in V1 as cell nodes. The graphs in Figure 1 dif-fer in connectivity only, all have 5 net nodes, 7 cell nodes,and 11 edges. Each instance of the graph satis�es the signa-ture �rnd = f5; 7; 11g, but only instances of the isomorphismand mutant class satisfy the signature �mut = f5; (3; 4); (11)g.The latter signature shows that we have 3 cell nodes with 1input and 4 cell nodes with 2 inputs; there is a single con-nected component with 11 edges. In contrast, note that theinstance of the random graph consists of two connected com-

ponents and a distribution in jV1j that is di�erent and maychange with any new instance of the random graph.The crossing numbers in this graph are shown to be 14,8, and 10. While not obvious, the reference graph in theisomorphism class does have a bi-planar embedding, i.e. itscrossing number is 0.Illustrations (hypergraph model). When submitted toplace and route tool such as OASIS [6], each graph in thetop part of Figure 1 may be routed as the hypergraph modelshown in the bottom part of Figure 1 { assuming that thenode orders shown for the respective graphs above are pre-served. Notably, with the hypergraph model, there can be asigni�cant reduction in the wire crossing wrt the graph model:from 14 to 5, 8 to 7, 10 to 7, respectively. A number of ques-tions arises when considering algorithm performance in termsof the graph and hypergraph models as shown in Figure 1:(1) \How e�ective are the algorithms that minimize thecrossing number in graphs?"(2) \Can minimization of crossing number in graphs indi-rectly minimize the crossing number in the hypergraph model,leading to placements with shorter wire length and fewertracks in the routing channel?"In the next section, we provide a number of illustrative exper-imental designs that may provide, when fully implemented,answers of statistical signi�cance to question posed above.III. Design of ExperimentsTwo of the fundamental principles of experimental design arerandomization and replication. We adopt these principles forthe experimental evaluation of heuristics by (1) creating apresentation equivalence class and (2) repeating the experi-ments for each member in the class. The basic abstractionsfor such experiments include1. an equivalence class of experimental subjects, eligiblefor a treatment;2. application of a speci�c treatment;3. statistical evaluation of treatment e�ectiveness.Here, a treatment is synonymous with a heuristic and anequivalence class of experimental subjects is synonymous witha graph presentation class. Figure 2 illustrates these abstrac-tions in a generic 
ow. In this paper, treatments we apply in-clude crossing number minimization, placement and routing,partitioning, and simulation. The indexes under evaluationinclude mincut, crossing number, wire length, layout area,entropy of circuit outputs and states.Performance index speci�cs. For any given placement ofnodes, the evaluation of the crossing number in a bidag is un-ambiguous and unique. This is not the case for its hypergraphmodel { the crossing number can vary with the placement ofthe Steiner points (as can be readily observed in Figure 1).However, by restricting each pair of nets to cross at mostonce, we bypass the Steiner point placement problem andcalculate a well-de�ned lower bound on the crossing numberin the hypergraph model of the bidag [10]. This bound is thecrossing number for the hypergraph model reported in ourexperiments. The related crossing distribution problem, asformulated in [11], considers the graph model.Assuming a point model for each node and unit grid place-ment, we developed simple formulas to evaluate wire lengthin the graph and hypergraph model [10]. In OASIS [6], wirelength and area are reported directly. To evaluate the crossingnumber for each OASIS placement, we extract the placementand report its crossing number for both the graph and hyper-graph model.Experimental subjects. In this section, we present resultsof experiments based on isomorphism, mutant, and random2
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Treatment Description00 random arrangement01 crossing number min., DOT[7]02 crossing number min., GBFS+[8]03 placement & routing, OASIS[6]04 netlist partitioning, PROP[9]05 .......

Cost Descriptionindex00 mincut (graph model)01 mincut (hypergraph model)02 crossing number (graph model)03 crossing number (hypergraph model)04 wirelength (graph model)05 wirelength (hypergraph model)06 area (graph model)07 area (hypergraph model)08 crossing number (p & r in OASIS)09 wirelength (p & r in OASIS)10 area (p & r in OASIS)11 ....Fig. 2. Design of experiments to characterize properties of equivalence class test cases wrt a number of treatments.classes (hundred graph instances in each class), each derivedfrom the reference circuit ref multi1 016 (66 net nodes, 67cell nodes, 134 edges). This is one of several graphs designedto evaluate asymptotic performance of crossing number min-imization algorithms in [8].Results and surprises. A partial summary of experimentalresults is shown in in Figure 3, with data arranged in 4 rowsand 3 columns. Each of the columns relates to the isomor-phism, mutant, and random class, respectively. We brie
yhighlight the following observations:Crossing number in bidags(all treatments). There is nosurprise for Treatment 00 (random placement). Regard-less of the class, the crossing number mean is aboutthe same and within range predicted by a formula [12].The major surprise is the high variability of the crossingnumber for the isomorphism class { a perfect algorithmwould have reported a crossing number of 32 for eachand every presentation of hG2; �0; �1i. The best aver-age is achieved with Treatment 02 [8]. The average re-ported by Treatment 03 (OASIS, [6]) is surprisingly high,notwithstanding that the index minimized in OASIS isbased on a model of a wire length. The performance ofall treatments is relatively consistent across all equiva-lence classes.Crossing number in hypergraphs (Treatment 03). There issigni�cant reduction in the crossing number vis-a-vis thegraph model. However, it is also clear that a placementwith much less wirecrossing in hypergraph model aremost likely available with other treatments.Crossing number correlations (Treatment 03). The corre-lation experiments are designed to address the question\Will a placement with signi�cantly reduced crossingnumber in the hypergraph model also reduce the wirelength in the same model?" Results of limited testingnad with relatively crude models (and noisy data fromthe OASIS placement) are indicating that reduced wirelength can be expected by reducing the crossing num-ber in the hypergraph model. Signi�cantly, this trendhas best correlation coe�cients for the isomorphism andmutant classes, but the correlation is insignifcant for the

random class!!Observations not illustrated. The most important observa-tion is that we �nd insigni�cant correlation between thecrossing number and wire length in the graph modelacross all equivalence classes { in stark contrast to thenotable correlation betwen the respective parameters inthe currently still crude hypergraph model.Additional experiments with isomorphism and mutant classesfor multi-level sequential circuits are reported in Section V.IV. Sequential Mutant ClassSimilar to mutation class (G2)mut in (2) for bidags, we can in-troduce a procedure to synthesize a mutation class for multi{level electrical circuits. An electrical circuit, rendered acylicby deletion of feedback edges (if any) and topologically sorted,can be modeled as a multi{partite bidag. As an extensionof the model of a bidag presented in Section II, we modelthe circuit as a k-partite dag Gk;r (the reference dag), withk=2� number of levels in the circuit.Gk;r = ((V0; V1; E0); (V1; V2; E1); : : : ; (Vi�1; Vi; Ei�1); (3): : : ; (Vk�1; Vk; Ek�1)We can think of Gk;r as k bidags juxtaposed. Like the two{layer bidag G2;r, the k-partite bidag has its characteristicsignature �(Gk;r), which is more complicated than �(G2;r)for obvious reasons and will be illustrated later in this sec-tion. Similarly we can de�ne the mutant class (Gk)smut of thereference k-partite dag (the reference circuit) as(Gk;r)smut = fpresentation hG0k;r; �0; ::; �kij�mut(Gk;rg (4)In Gk;r, only bidags Gi�1;r = (Vi�1; Vi; Ei�1) where i is anodd number are perturbed to create mutations. In contrastto mutations in stand-alone bigraphs described in Section II,mutations in bidags that are embedded as per Gk;r must sat-isfy a number of additional constraints that we did not requireealier. Furthermore, we must devise a process to break cyclesand extract Gk;r from a sequential circuit netlist (a hyper-graph) in the �rst place, and when mutations are completedfor each section Gi�1;r = (Vi�1; Vi; Ei�1), we must have the3



(a) Crossing number (bidags) reports for all TreatmentsClass ref multi1 16-WDTreat- min mean maxment00 3941 4393 497001 44 114 25702 55 65 7603 530 1139 2798
Class ref multi1 16-WBBTreat min mean maxment00 3692 4373 487901 145 262 45702 122 200 37603 1616 2400 3249

Class ref multi1 16-WRDTreat- min mean maxment00 480 1683 332701 48 223 94402 35 147 30103 2022 2946 3874(b) Crossing number (hypergraph) histograms for Treatment 03
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Crossing number (hypergraph model) in OASIS placement(c) Crossing number and wire length correlations for Treatment 03
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f(x) = 1.222693E-1*x + 2.186975E+2
R^2 = 4.971519E-1

♦♦♦
♦♦

♦
♦♦

♦

♦♦

♦
♦

♦ ♦

♦

♦ ♦♦
♦

♦♦
♦

♦

♦ ♦♦

♦

♦

♦
♦

♦ ♦

♦
♦ ♦♦
♦

♦

♦

♦♦

♦♦

♦♦♦ ♦
♦

♦

♦♦♦

♦
♦

♦
♦

♦ ♦

♦
♦♦ ♦

♦♦
♦♦♦

♦ ♦

♦

♦
♦♦ ♦♦

♦
♦♦

♦

♦♦

♦
♦♦

♦
♦

♦

♦

♦
♦♦♦ ♦

♦

♦

♦

♦
♦♦

0

200

400

600

800

1000

1200

1400

0 200 400 600 800 1000 1200 1400

W
L 

in
 h

yp
er

gr
ap

h 
m

od
el

 o
f O

A
S

IS
 p

la
ce

m
en

t

Crossing number seen in OASIS placement

f(x) = 6.322041E-1*x + 3.758324E+2
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For Isomorphic class For Mutant class For Random class

♦♦
♦ ♦♦♦

♦
♦
♦♦

♦♦♦
♦

♦♦♦♦ ♦♦

♦
♦

♦

♦
♦

♦

♦♦ ♦
♦

♦ ♦
♦♦ ♦♦♦ ♦♦♦

♦
♦
♦

♦♦
♦

♦ ♦
♦

♦♦

♦ ♦
♦♦

♦ ♦♦♦
♦

♦♦
♦♦♦ ♦

♦♦
♦♦

♦ ♦

♦
♦ ♦ ♦♦ ♦

♦
♦

♦
♦

♦
♦♦ ♦

♦ ♦♦♦♦
♦

♦
♦♦ ♦♦♦

♦♦

0

50

100

150

200

250

300

350

0 2000 4000 6000 8000 10000 12000

W
L 

re
po

rt
ed

 b
y 

O
A

S
IS

WL in hypergraph model of OASIS placement

♦♦♦
♦♦

♦
♦♦

♦

♦ ♦

♦
♦

♦♦

♦

♦♦ ♦
♦

♦♦
♦

♦

♦♦ ♦

♦

♦

♦
♦

♦ ♦

♦
♦ ♦ ♦

♦

♦

♦

♦ ♦

♦ ♦

♦♦ ♦ ♦
♦

♦

♦ ♦♦

♦
♦

♦
♦

♦♦

♦
♦ ♦ ♦
♦ ♦

♦♦ ♦
♦♦

♦

♦
♦♦ ♦ ♦

♦
♦♦

♦

♦ ♦

♦
♦♦

♦
♦

♦

♦

♦
♦ ♦♦♦

♦

♦

♦

♦
♦ ♦

0

200

400

600

800

1000

1200

1400

0 5000 10000 15000 20000 25000 30000 35000

W
L 

re
po

rt
ed

 b
y 

O
A

S
IS

WL in hypergraph model of OASIS placement

♦
♦

♦

♦
♦

♦♦
♦

♦ ♦
♦♦ ♦

♦

♦
♦

♦♦

♦
♦

♦

♦ ♦
♦

♦
♦

♦
♦

♦ ♦
♦

♦
♦

♦

♦ ♦
♦

♦♦
♦ ♦

♦
♦ ♦

♦
♦ ♦

♦ ♦♦
♦

♦ ♦♦
♦ ♦

♦ ♦

♦♦ ♦
♦

♦

♦

♦♦ ♦
♦

♦
♦
♦

♦♦
♦ ♦

♦

♦
♦ ♦

♦

0

200

400

600

800

1000

1200

0 2000 4000 6000 8000 1000012000140001600018000

W
L 

re
po

rt
ed

 b
y 

O
A

S
IS

WL in hypergraph model of OASIS placement

f(x) = 8.777531E-3*x + 2.065723E+2
R^2 = 2.836629E-1 f(x) = 1.551159E-2*x + 6.412082E+2

R^2 = 2.018087E-1
f(x) = -9.385619E-4*x + 8.149485E+2
R^2 = 5.658168E-3

For Isomorphic Class For Mutant Class For Random ClassFig. 3. Partial summary of crossing number and wire length experiments for a number of treatments applied to three equivalence classes(the isomorphic class, WD, the signature{invariant, component{invariant mutant class, WBB, and the random class, WRD) derived from areference bigraph ref multi1 016.freedom to reconnect all of the cycles that have been broken.Clearly, the process is complex and can only be outlined inbrief steps as follows:� Form the k-partite form, Gk;r, from a netlist.� Determine the characteristic signature �(Gk;r) of the ref-erence graph Gk;r.� Induce perturbations in the reference graph Gk;r.� De�ne mutant equivalence classes (Gk;r)smut of Gk;r.� Invoke the mutation process tp generate (Gsk;r)mut for asequential reference circuit Gk;r, with a description of
issues arising due to the presence of cycles in it.Each of these steps is described in more detail next.Generating the k-partite Graph { the CanonicalForm. The electrical netlist is a hypergraph possibly withcycles. First of all, it is transformed into an acyclic graphand levelized through a topological sort as described below.(1) the circuit is �rst decomposed into a number of stronglyconnected components (SCCs);(2) it is then rendered acyclic by deleting as few feedbackedges as possible in each SCC;4



(b) Canonical M-BIDAG form of SCC2, a sequential component in s27 
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(a) Netlist schematics of SCC2, a sequential component in s27 

(c) 100% pertubation of SCC2  (all wires removed)  
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Fig. 4. Representations of one SCC (SCC1) in the reference circuit and its mutant.(3) each (deleted) feedback edge is represented by a feed-back PO (FPO) at its source and a feedback PI (FPI) at itssink position.(4) all nets not driven by a cell are assigned a level = 0 anddesignated as primary inputs (PIs), FPIs also are assigned alevel = 0;(5) all cells are assigned a level > 0, determined uniquelyby the topological sort of the netlist;(6) each pin of the net inherits the level of the incident cell;(7) for each net, netspan1 > 0, always;(8) a pin of the net not driving a cell is designated as aprimary output (PO).The graph obtained after these steps is still not k-partitebecause of the presence of nets spanning more than one level.The k-partite form is obtained through the following trans-formations. The order of these transformations is important.T1: For each PI or FPI net, initially at level = 0, anddriving cells at level = ki, re-assign level = minfkig � 1since such a PI net does not determine the level of any ofthe cells it drives. This is due to the cell level topologicalorder assignments.T2: For each net, driven by pin i (at level j) andnetspan = k+1; k > 1, (a) connect net i to input pins ofall incident cells at level j + 1, (b) place a single-input,single-output feedthrough cell at level j + 1, connect itsinput pin to pin i, and connect its output pin to inputpins of all incident cells at level j+2, (c) repeat step (b)x-times until j + x = k + 1;T3: Replace each net with a net node (a net node mirrorsthe cell node: its fanin is 1 and fanout is variable).A canonical form of the netlist in Figure 4(a) is shown in Fig-ure 4(b). For example, the PI net a �rst has been moved fromlevel 0 to level 1, and then the 2-pin net a with netspan of 5has been transformed into a net node a, driving a feedthroughnode a.1, which in turn drives net nodes a.2, a.3 and a.4. No-tice one PI{like (r) and one PO{like structure in the canonicalform of the SCC. These are component input and component1For each net, netspan = pmax�pmin, where the two numbers denote themaximum and the minimum pin level of the net.

output respectively, which will be discussed later. With re-spect to Figure 4(b), it can be readily veri�ed that edges con-necting net nodes to cell nodes span levels i� 1 and i, whileedges connecting cell nodes to net nodes remain at level i.It may also be seen from Figure 4(b) that the k-partitegraph in the canonical form consists of a number of bidagsjuxtaposed.Characteristic Signature. The characteristic signature�(Gk;r) of the k-partite graph is an extension of the signa-ture �(G2;r) of the bidag that typi�es the di�erent cell andnet nodes distribution.Each distribution is de�ned for the bidag at level i as fol-lows:Li;I : total number of PI net nodes;Li;O: total number of PO net nodes;Li;A: total number of net nodes driven by feedthrough cells;Li;1: total number of net nodes driven by 1-input combi-national cells;Li;2: total number of net nodes driven by 2-input combi-national cells;Li;k;C : total number of net nodes driven by k-input com-binational cells and driving combinational cells only;Li;k;B : total number of net nodes driven by k-input com-binational cells and driving a feedback vertex only;Level i : 0 1 2 3 4 5 6 Level i : 0 1 2 3 4 5 6 Level i : 0 1 2 3 4 5 6------- -- -------------- --------- -------------- --------- --------------Li;I : 0 1 1 0 0 0 0 �mini;C : 0 0 2 2 1 2 0 �maxi;C : 0 0 2 2 1 2 0Li;O : 0 0 0 0 0 0 1 �mini;I : 0 2 2 0 0 0 0 �maxi;I : 0 2 2 0 0 0 0Li;A : 0 0 1 1 1 1 0 �mini;A : 0 0 1 1 1 1 0 �maxi;A : 0 0 1 1 1 1 0Li;1;C : 0 0 0 0 0 0 0 'mini;C : 0 0 1 1 1 1 0 'maxi;C : 0 0 2 1 1 2 0Li;2;C : 0 0 1 2 1 0 0 'mini;I : 0 1 1 0 0 0 0 'maxi;I : 0 2 2 0 0 0 0Li;2;S : 0 0 0 0 0 1 0 'mini;A : 0 0 1 1 1 1 0 'maxi;A : 0 0 2 1 1 1 0Li;FPI : 2 0 0 0 0 0 0Li;D : 0 1 0 0 1 0 0 �mini;D : 0 1 0 0 1 0 0 �maxi;D : 0 2 0 0 1 0 0Li;F : 0 2 0 0 1 0 0 'mini;D : 0 1 0 0 1 0 0 'maxi;D : 0 2 0 0 1 0 0BASIC SIGNATURE SIGNATURE EXTENSIONFig. 5. An example of a circuit signature and its extension.5



Li;k;S : total number of net nodes driven by k-input com-binational cells and driving both a feedback vertex only andcombinational cells;Li;D: total number of net nodes driven by 
ip{
ops orlatches;Li;FPI : feedback PI, total number of feedback net nodesdriving a feedback vertex (
ip{
op/latch);Li;FPO: feedback PO, total number of feedback net nodes,Li;FPO =Pk fLi;k;B + Li;k;Sg (k=2 or 1 normally);�xi;X : upper (x = max) and lower (x = min) bounds onthe total fanout for net nodes of type X, where X = I is acase of a PI net node, X = A is a case of a net node drivenby a feedthrough cell, X = C is a case of a net node drivenby a combinational cell, X = D is a case of a net node drivenby a sequential cells (
ip{
op);'xi;X : upper (x = max) and lower (x = min) bounds onany single node fanout for net nodes of type X, where X isas de�ned earlier;qi+1: total number of edges at level i + 1 to be driven bynet nodes at level i.For simplicity, we have restricted it to 1- and 2-input combi-national cells only. The signature gives rise to unique boundson the fanout of the net nodes shown as a part of the `extendedsignature'. The sequential mutation process must maintainthese bounds in addition to the conditional incidence rela-tionships that we have developed for the sequential circuitsfollowing [3]. However, it is not su�cient for the sequentialmutants to conform to the fanout bounds and conditional in-cidence relationships only. Due to the sequential nature ofthe problem, they need to also maintain the feedback vertexset invariance with the reference circuit which will be de�nedlater in this section.Perturbation in the k-partite Graph. A perturbationamounts to the removal of p wires or q% wires from either orboth of the channels at level i. An example of 100% wiringperturbation is shown in Figure 4(c). Other degrees of per-turbation are essentially the same. The wiring perturbationleaves some or all of the nodes in the circuit 
oating, and themutation process consists of restoring, as a random process,all connections that have been removed by the wiring pertur-bations. The circuit mutant does not look isomorphic to itsreference circuit in Figure 4(b). However, it shares the samecharacteristic signature �(Gk;r) as the reference graph thatmakes it belong to the mutant equivalence class of Gk;r.Mutant Equivalence Class. The mutant equivalence classof Gk;r is induced by its signature �(Gk;r) in the same wayas in the bidag model, although the signature for a k-partitegraph is more elaborate than that of a bidag. The equivalenceclass exists due to the uniqueness of �(Gk;r) (unique undera given feedback vertex set). The signature-invariant equiva-lence class (Gk;r)smut of a circuit Gk;r is the set of all circuitswhose signature is �(Gk;r). We say that these circuits aremutants of the reference circuit Gk;r.Mutation Process in k{partite Gk;r. Before we can dis-cuss the mutation process, we need to discuss the issues aris-ing due to the sequential nature of the circuit and the presenceof cycles.FVS (Feedback Vertex Set) Invariance. The sequential mu-tants must maintain the signature of the reference circuit.This requires maintaining two following two sequential con-straints:S1: Each node on a cycle must have a path to at least onePO of the circuit2.2This condition is required for having a good fault coverage, observabilityand reachability.

S2: The feedback vertex set (FVS) present in the referencecircuit must be preserved3. We maintain this feedbackvertex set for all the mutants.For the sake of brevity, the process for maintaining the FVSinvariance is not explained in full details here. In the followingwe mention the basic concepts towards FVS invariance.SCC-Graph, Gs. The SCC{graph Gs of a cyclic graph G isde�ned as a graph (possibly a multi{graph) with vertices asthe strongly connected components SCC1; : : : SCCn. Thereexists k edges4 SCCi ! SCCj if there are k nodes in SCCithat drive some node in SCCj . The net nodes which drive anode in another SCC are called a component IO or CIO. Itis a component output for the driving SCC and a componentinput for the SCC driven by the net. The CIO carries loopinformation from one SCC to another.SCC-Signature. After casting the whole circuit into thecanonical form, we extract the signature of each SCC. (Themutation process works only on individual SCCs and not onthe whole circuit).SCC-level. The SCC{levels determine the levels of the SCCnodes in the SCC{graph. The SCC{levels are determined bya topological sort on the SCC{graph.Feedback tokens (F-type tokens). We associate feedbacktokens with each feedback vertex in the cyclic graph. In theacyclic graph that we start with, each feedback PI (FPI) issuesa token and the token is named after the FPI. When the FPIis connected to a logic node, the token is propagated to thenode. Eventually, all the tokens should reach at least onePO of the circuit, and they must also reach the feedback POs(FPOs).Component tokens (C-type tokens). Component tokensare issued by the component outputs (CO) under certainconditions. If a CO in SCCj receives feedback tokensff1; : : : ; fng, at least one of which has not yet propagatedto any PO, the CO issues a C{token ci. ci ceases to existwhen all of ff1; : : : ; fng reach some PO (possibly throughsome other path).Forward token net set. A forward token net set at level iis de�ned as the minimal set of net nodes (at level i) thatcontains all the `alive'5 tokens (both C and F{type) issued upto level i. In other words, to pick up all the tokens, we needto look up all the nodes in the forward token net set. Thegoal of the mutation process is to maximize the forward tokennet set. The bounds on the forward token net set is omittedhere for the sake of brevity.Feedback token net set. A feedback token net set at leveli is de�ned as the maximal number of net nodes that mustcarry all the tokens. The goal of the mutation process is tominimize this set. The bounds on the forward token net setis omitted here for the sake of brevity.Without further explanation we make a note here thatmaintaining the two types of net sets are critical for main-taining the FVS invariance.Synthesis of Mutants. The reference netlist is character-ized to extract (1) the signature, (2) the set of feedback ver-tices, (3) boolean logic implemented by each logic node and(4) a hierarchical description of the netlist in terms of thestrongly connected components (SCCs) in the circuit. A sig-nature is extracted for each SCC. The mutation process workson individual SCCs, following a certain order. The order isdetermined by a topological sort on the SCC{graph. The mu-tant graph is obtained by 
attening the hierarchy of mutant3Note that the feedback vertex set is not unique. The problem of �nding aminimum feedback vertex set is known to be NP{hard. We �nd a minimizedfeedback vertex set using a polynomial time algorithm.4Implying that the graph may be a multi{graph.5A token is said to be alive if it is yet to propagate to a PO.6
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To m-FPIFig. 6. Representations of a reference circuit and its mutant.SCCs. The signature of the mutant circuit is compared withthat of the reference to verify that the mutant belongs to thesame equivalence class.Connection Assignments. We consider four connectionassignments at each level i; i > 0. As mentioned before, themutation is carried out only for bidags (Vi�1; Vi; Ei�1) wherei is odd.(A1): bounded net node edge connection. Here, pi net nodesat level i are assigned a bounded distribution of qi+1 edgesthat are to be connected to qi+1 input pins of cell nodes atlevel i+ 1;(A2): forward token net set formation through restrictedcell node edge connection. Here, both F and C{type tokensare combined on a cell nodes such that the bounds on the sizeof the forward token net set is satis�ed.(A3): feedback loop completion Cells designated as FPOsare connected, to token{carrying net nodes at input side andFPIs at the output side, such that the FPI gets back the tokenthat it issued.(A4): restricted cell node edge connection Here, qi+1 edgesdriven by net nodes level i are connected to qi+1 input pinsof cell node at level i + 1, subject to forbidden permutationpositions;Illustrative Example. We make use of the single mutationchannel i (of SCC1 of the reference circuit s27) in Figure 6to illustrate the process. Figure 6(b) is a 100% perturbedversion of the slice 3 in Figure 6(a). Note that only wires inmutation channel are deleted.Figure 6(c) illustrates the fanout assignment to each net nodeunder certain bounds. In Figure 6(d), the forward token netset is formed. Note that tokens f1 (F{type) and c1 (C{type)are `alive' here, viz., they need to be propagated towards somePO. The upper bound on the forward token net set at thislevel is 2. By random choice we assign both f1 and c1 tothe single node l, thereby forming a forward token net set ofsize 1. Figure 6(e) and (f) perform connections to ensure thelevels of combinational gates (CGs) and PIs, as dictated bythe connection constraints. All the remaining connections arecompleted in Figure 6(g). (In Figure 6(d){(g), connections ateach stage are shown by bold edges).Connections in Figure 6(h) are done in the order as markedon the edges. Note that, the FPI named m{FPI issues a newfeedback token f2 at this stage.

In Figure 6(i), the feedback loop is completed. It may benoted that in the reference circuit, the cell was connected toFPI a-FPI. However, in the mutant it can drive either of theFPIS, a-FPI or m-FPI, since it receives tokens issued by boththe FPIs. By random choice we connected the cell to m-FPI.Finally, in Figure 6(j), the feedback loop corresponding totoken f1(issued by a-FPI) is completed and all the tokens(ff1; f2; c1g) are propagated to a component output. Sinceall the tokens issued to this SCC have been propagated toanother component (SCC0 in this case), the mutation processis considered to be successful for SCC1.V. Experimental ResultsWe report results with two equivalence mutant classes ofthe benchmark s1423 { the 0% mutation class or the isomor-phic class, and the 100% mutation class. In this experimentwe have chosen 100 mutants for each of the 0% and 100%classes.The tools we used in this experiments are: (1) DOT [7] togenerate circuit schematics and analyze the number of wirecrossings; (2) PROP [9] to generate a mincut of a balancedbipartition; (3) OASIS [6] to layout the circuits and reportlayout area and wire length; (4) Verilog to simulate the cir-cuits for estimating their entropy.The results of these experiments are summarized with his-tograms in Figure 7.Figure 7(a): Here we report distributions of the numberof wire crossings, as optimized by DOT, in the mutantclasses. The histogram indicates the number of mutantshaving wire crossing in a particular range.Figure 7(b): Here we report the size of the mincut for abalanced bipartition. As can be seen in the �gure, thetwo classes do induce a distribution in mincuts. Thetwo classes o�er a varied degree of di�culty to the bi-partitioning tool under investigation. It remains to beseen how another tool might behave with the two sets ofmutants.Figure 7(c),(d): Here we report the area and wire lengthfor the layout tool in OASIS. Again, the two parametersshow a near{normal distribution for both the classes. Itwill be interesting to see the performance of another toolon these mutants.7
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