In Proceedings of 7th International Conference in VLSI, pp.149–154, Calcutta, January 1994 149

Two-layer wiring with pin preassignments is easier if the power supply nets are already generated

Paul Molitor^� Uwe Sparmann^� Dorothea Wagner

Comp. Sc. Dept., University of Saarland Dept. of Mathematics, TU Berlin D-66123 Saarbrücken, Germany D-10623 Berlin, Germany

Abstract

We examine the constrained via minimization problem with pin preassignments (CVMPP) which arises in connection with hierarchical physical synthesis. Let A be a circuit composed of subcircuits B, C, D, . . .. Assume that the placement and routing phase together with the 2-layer wiring of the subcircuits, and the placement and routing phase without the 2-layer wiring of A are completed. CVMPP is the problem of finding a 2-layer wiring δA of A which is induced by the 2-layer wirings of the subcircuits and which contains a minimal amount of vias on this condition. First, we show that CVMPP is NP-hard. In the case that the wiring of the power supply nets has already been generated we present a polynomial time algorithm solving CVMPP.

1 Introduction

Today’s integrated circuits have up to several hundred thousand transistors. Processing such designs in a naive manner requires very large internal representations with some millions of data so that even linear space (time) optimization algorithms can be too expensive. However, large designs have a regular structure. In such arrangements, there are lots of identical subcircuits so that they can be described by small hierarchical representations. During synthesis, it is desirable to handle all instances of a subcircuit identically in order to guarantee identical electrical behavior of all instances, to allow further hierarchical processing and to decrease the running time of the synthesis.

Hierarchical physical synthesis is not highly developed yet. Results on hierarchical compaction can be found in [4, 10]. Results concerning the hierarchical physical design of systolic arrays are presented in [5, 6]. Some new results taking advantage of buses during hierarchical wiring appeared in [8].

A leading feature of VLSI design systems is the placement and routing aspect. Typically, routing consists of two steps: wire layout and wiring (layer assignment). The first step determines the placement of the routing segments. A ‘planar’ wire layout is obtained. In the wiring step, this layout is converted into an actual three-dimensional configuration of wires. Formally, wiring is formulated as follows: Given a wire layout L and k physical layers, assign

∗This work was supported in part by DFG grant SFB 124

each routing segment of L a unique physical layer in a way that the segments are electrically connected in the proper way. Adjacent edges of the same wire lying on different layers are connected with vertical connections, called vias. Segments of different wires crossing each other have to be assigned to different layers. A problem arising in this context is the constrained via minimization problem (kCVM), i.e., computing a k-layer wiring with a minimal number of vias. Minimizing the number of vias is a step towards optimizing the performance of the circuit and decreasing its manufacturing costs. The k-layer wiring problem, especially the kCVM for non-hierarchical circuits has been comprehensively investigated in the literature. A survey on these results is given in [7].

In this paper, we concentrate on 2CVM (which we denote by CVM in the following) and address the following problem. Let A be a circuit composed of basic cells whose input and output pins lie in a certain but fixed layer (ALU1 or ALU2). Assume that the placement and routing phase is already completed. Find a 2-layer wiring of the wire segments of A such that each wire segment is embedded either into ALU1 or ALU2, the pins of the basic cells lie in the preassigned layers, and the number of vias is minimal on these two conditions. A solution of this problem which we denote by CVMPP (constrained via minimization with pin preassignment) induces a hierarchical bottom-up 2- layer wiring algorithm which preserves the original layout hierarchy of the circuit.

For this, we need the following definitions.

Definition 1 A circuit or a macro cell is said to be of level 1 if it contains no macro cell but only basic cells, and is said to be of level i + 1 if it contains at least one macro cell of level i and no macro cell of level greater than i.

Definition 2 Let A be a circuit of level i composed of basic cells and macro cells B, C, D, . . . which are interconnected by some wire layout. Let δB, δC , δD, . . . be 2- layer wirings of B, C, D, . . ., respectively. A wiring δA of A is said to be induced by δB, δC , δD, . . . if δA is given by applying δX on all occurrences of X (X ∈ {B, C, D, . . .}) and then realizing the 2-layer wiring of the interconnecting wire layout.

Hence, the CVMPP problem can be expressed as follows:

Given 2-layer wirings δB , δC , δD, . . . of the (basic cells and) macro cells B, C, D, . . ., respectively.

Find a 2-layer wiring δA of circuit A induced by δB , δC , δD, . . . which has less (or equal) vias than any other 2-layer wiring δ^′_A of A induced by δB, δC, δD, . . ..

A first suggestion for solving CVMPP in polynomial time has been made by Pinter [9]. But his procedure is only applicable if the preassignments are restricted to exterior pins (located at the outer border of the routing area), a condition normally not fulfilled by hierarchical circuit representations. Grötschel et al. [2] generalized Pinter’s procedure to deal with arbitrary pin preassignments. They reduce CVMPP to the max-cut problem for almost planar graphs (MCAPG), i.e., graphs which can be transformed into a planar graph by removal of only one node. Since MCAPG has been shown to be NP-hard [1], CVMPP is not solved exactly in [2] but attacked by approximation techniques from combinatorial optimization.

Grötschel’s procedure implies the following question: Is it adequate to solve CVMPP by heuristics or does there exist a fast exact algorithm? In Section 3 we prove that CVMPP is NP-hard, thus shattering hopes for a fast exact solution. The proof is done by showing the opposite direction to Grötschel’s reduction, i.e., reducing MCAPG to CVMPP.

Clearly, the fact that CVMPP is NP-hard in general does not exclude exact polynomial time algorithms for important special cases. Section 4 characterizes such an important subclass of wiring problems. We restrict to designs with power supply nets routed in layers ALU1 and ALU2, and assume that the layer assignment for power and ground has been fixed before wiring the signal nets. It is shown that under these assumptions CVMPP can be solved as efficiently as CVM, which is known to be solvable in time O(n^{3/2} log n) (if the maximum junction degree, i.e., the maximum number of wire segments which meet at a single point, is limited to three) where n is the sum of the wire lengths of the layout (see [3]).

2 A heuristic for CVMPP

In this section we review the heuristic for CVMPP presented in [2] which is based on Pinter’s model [9].

2.1 Pinter’s solution to CVM

As already mentioned, we assume that all cells have been placed on a chip and all nets have been routed but that the assignment of wire segments to layers has not been performed yet. Let W denote the wire layout. Obviously, each wire is partitioned into free and critical segments such that vias are allowed on free but forbidden on critical segments. A cluster is defined to be a maximal set of mutually crossing and overlapping critical wire segments. Obviously, in each cluster, once a wire segment is assigned to a certain layer, wiring of the rest of the cluster is forced. In addition, a 2-layer wiring exists if and only if every cluster is 2-layer wireable because the clusters are connected to each other by free segments, where vias are allowed.

Figure 1: Modelling of a three-way junction. Dashed (solid) lines denote free (critical) segments.

Now, to find a solution to CVM, Pinter proceeds [9] as follows. The clusters form a planar graph called cluster graph. Each vertex of the graph corresponds to a cluster and two vertices are connected by an edge if and only if their corresponding clusters are connected to each other by at least one free wire segment. Now assume that a 2-layer wiring δ of W is given. Then a weight ω(e) is associated to every edge e of the cluster graph in the following way. Let v(e) be the number of free wire segments connecting the two clusters incident to e and let ρ(e) be the number of vias introduced (on these free segments) by the wiring δ. Then, ω(e) = ρ(e)−(v(e)−ρ(e)) indicates the via reduction that can be achieved by flipping over either one of the two clusters, i.e., by reassigning all the wire segments of either one of the two clusters to the opposite layer.

This reduction only works for two-point nets. If a net connects more than two terminals, there are junctions in the wire layout. Most commonly three way junctions are used. As vias are allowed to be inserted on a junction, Pinter [9] handles three-way junctions by replacing each junction by the subgraph shown at the right of figure 1. The three vertices represent the 3 clusters corresponding to the critical wire segments adjacent to the junction. The weights contributed by the junction itself are either -0.5 or 0.5 depending on whether the two corresponding critical wire segments are embedded in the same layer by wiring δ or in different layers by δ.

Obviously, any 2-layer wiring δ^′ can be obtained from a known wiring δ by flipping over an appropriate set X(δ, δ^′) of clusters. If e is an edge of the cluster graph incident to clusters both in X(δ, δ^′) or both not in X(δ, δ^′), the number of vias between the two clusters remains unchanged. Otherwise, the number of vias is reduced by ω(e). (Note that the weights ω(e) can be positive or negative!) So, let X be any subset of the clusters and let CUT (X) be the set of those edges of the cluster graph which connect vertices in X and vertices not in X. Then in order to minimize the number of vias, one has to find a subset X of the clusters such that P_{e∈CUT (X)} ω(e) is maximized.

Figure 2 shows an example wire layout W with two embedded modules. The critical (free) interconnection wire segments are drawn as solid (dashed) lines. The initial two-layer wiring δ of W is given by the numbers which specify for each cluster the layer of its horizontal wire segment. Obviously, the number of vias (marked by arrows) induced by δ is three. The cluster graph obtained by Pinter’s procedure is given in Figure 3. The relative position of the cluster nodes is the same as that of the corresponding clusters in Figure 2. A maximum cut of weight 1 is obtained by choosing X = {5, 6, 7} (the corresponding edges are drawn bold in Figure 3). The layer assignment δ^′ obtained from δ by flipping the nodes of X thus needs only two vias, which is optimal.

Figure 2: Layout without pin preassignments

Figure 3: Cluster graph and maximum cut If the maximum junction degree of the wire layout W is limited to three, it is easy to see that the cluster graph is planar (see [9]). Hence, CVM for this case is reduced to the maximum cut problem for planar graphs (MCPG) with arbitrary weights, which is solvable in time O(n^{3/2} log n) where n is the sum of the wire lengths of the layout W .

2.2 Grötschel’s heuristic for CVMPP

Pinter already sketched a procedure for incorporating pin preassignments into his approach. He suggested to introduce edges of large absolute weight between pins. Hence, his algorithm was forced to preserve relations between preassigned layers. Planarity of his extended cluster graph was only guaranteed if all preassigned pins were located at the outer border of the routing area. Thus, Pinter reduced CVMPP to the maximum cut problem for nonplanar graphs (MC) which is NP-hard.

Grötschel et al. [2] reduce CVMPP to MCAPG by the following straightforward procedure. Let W be an arbitrary wire layout with pin preassignments. Assume w.l.o.g. that we are not allowed to place vias at pins. Thus, for each preassigned pin a critical wire segment starting at that pin is introduced. A new rule is added for clustering which demands that all critical wire segments corresponding to pins are assigned to the same cluster. As a result, we obtain a singular cluster c0 consisting of all critical pin wires and the critical lines which are crossed or overlapped by them. Let δ be an arbitrary wiring of W meeting the pin preassignments. Then, the definition of the cluster graph and its edge-weights with respect to δ is analogous to that described in the previous subsection.

Solving CVMPP is then equivalent to solving MC for the resulting cluster graph. To see this, assume for a moment that the wiring of c0 can be flipped. Then, by the same argumentation as in Pinter’s approach, we conclude that a maximal cut X corresponds to an optimal layer assignment δ^′ obtained from δ by flipping over the clusters from X. If δ^′ flips all wires of c0 to the wrong layer, i.e., c0 ∈ X, we simply take its dual version which has the same number of vias and meets the preassignments of c0.

Figure 4 shows our example wire layout extended by pin preassignments, which are given by numbers at the module borders. The critical line segments belonging to cluster c0 are drawn in bold. Note, that clusters 5 and 6 are ‘absorbed’ by cluster c0, since there is no free wire segment connecting to the corresponding pins. In this example, the initial wiring δ is given by the optimum solution of the previous example shown in Figures 2 and 3 illustrating Pinter’s algorithm for CVM. This 2-layer wiring δ has been extended by the wiring of c0 which is selected in accordance with pin preassignments. Since the optimum solution for CVM does not match well to the pin preassignments, δ induces a lot of vias, namely seven, which are marked by arrows in Figure 4. The corresponding clu-

Figure 4: Layout with pin preassignments

ster graph is given in Figure 5. Clearly, this graph is not planar (apply Kuratowski’s characterization of planar graphs). A maximum cut of weight 3 is obtained by choosing X = {1, 2, 3, 4, 7} (the corresponding edges are drawn bold in Figure 5). The optimum layer assignment δ^′ obtained from δ by flipping the nodes of X thus needs only four vias.

As illustrated by the above example, the cluster graph

Figure 5: Non-planar cluster graph with maximum cut for CVMPP need not be planar but clearly becomes planar if we remove c0. Thus, the reduction results in a max cut problem for almost planar graphs (MCAPG). Unfortunately, MCAPG has been shown to be NP-hard by Barahona [1]. As a consequence, Grötschel’s reduction only makes sense if CVMPP is not easier to solve than MCAPG. In the next section it will be proven that both problems are equivalent. Thus, Grötschel’s heuristic is really adequate.

3 CVMPP is NP-hard

We present a reduction of MCAPG to CVMPP. Let G = (V, E, ω) be a weighted almost planar graph with ω : E → Z. Let v0 ∈ V be a vertex such that the weighted graph Gpl = (Vpl, Epl, ωpl) defined by Vpl = V \ {v0}, Epl = E ∩ (Vpl × Vpl), and ωpl = ω |E_{pl} is planar. We will show that there exists a circuit C (=C(G)) where the pins of the macro cells are preassigned and a 2-layer wiring δ of C requiring ωδ vias such that there is a cut CUT of G with weight ωCUT if and only if a two-layer wiring δ^′ requiring ω_δ0 = ωδ −ωCUT vias can be obtained from δ by flipping a certain subset X(CUT ) of the clusters of C.

Circuit C consists of two parts which are corresponding to Gpl and the edges adjacent to v0, respectively. We start with the part corresponding to Gpl. We construct a wire layout Wpl, which does not contain any macro cell, by exploring Gpl in a breadth-first-search manner. Let χ be a planar embedding of Gpl, v ∈ Vpl be a vertex, and v1, . . . , vh_v ∈ Vpl be the vertices adjacent to v in the clockwise direction with respect to χ (by starting with any vertex v1 adjacent to v). Furthermore, let ωi denote the weight ω({v, vi}) for all i ∈ {1, . . . , hv}. We associate to v a wire layout Wv (= W^{(hv )}_v ), which only consists of critical wire segments, in the following way (see Figure 6). Assume inductively that for a given i the edges {v, vj} ∀j ≤i are already explored and that the subcircuit W^{(i)}v of Wv and the 2-layer wiring δ restricted to W^{(i)}_v is already constructed. Furthermore, assume that W^{(i)}v only consists of critical wire segments, and that it has exactly one horizontal wire segment at its right side. In the following, we denote the layer in which this horizontal wire segment is embedded by δ(W^{(i)}v ).

During the exploration of edge {v, vi+1} we extend subcircuit W^{(i)}v to W^{(i+1)}v . We distinguish between the following two cases.

Figure 6: Illustration of the transformation of Gpl.

Case 1 The circuit Wv_{i+1} corresponding to vertex vi+1 has not been constructed yet. Then W^{(i+1)}_v is given by the wire layout shown in Figure 6 (a). The new wire segments are defined to be critical, too. Thus, δ(W^{(i+1)}_v ) = δ(W^{(i)}_v ).

Case 2 Wv_{i+1} has already been constructed. Let v be the jth neighbor of vi+1. If δ(W^{(j)}_{vi+1} ) = δ(W^{(i)}_v ) and ωi+1 < 0 (case 2.1.1) or δ(W^{(j)}_{vi+1} ) ≠ δ(W^{(i)}_v ) and ωi+1 > 0 (case 2.1.2) then W^{(i+1)}_v is given by the wire layout shown in Figure 6 (a) once again. The new wire segments are defined to be critical. Thus, δ(W^{(i+1)}_v ) = δ(W^{(i)}_v ). The new vertical wire segments are connected to the corresponding vertical wire segments of Wv_{i+1} (more precisely, W^{(j)}_{vi+1} − W^{(j−1)}_{vi+1} ) by free wire segments. Note that these connections can be done without crossing other connections because of the planarity of Gpl. Obviously, the 2- layer wiring δ introduces no via on the wire segments connecting W^{(j)}_{vi+1} and W^{(i+1)}_v in case (2.1.1). Flipping either Wv or Wv_{i+1} results in additional −ωi+1 vias on these free wire segments. In case (2.1.2), δ introduces ωi+1 vias onto these wire segments. Flipping either Wv or Wv_{i+1} results in a saving of ωi+1 vias (on these connections). If δ(W^{(j)}v_{i+1} ) ≠ δ(W^{(i)}v ) and ωi+1 < 0 (case 2.2.1) or δ(W^{(j)}v_{i+1} ) = δ(W^{(i)}v ) and ωi+1 > 0 (case 2.2.2) then W^{(i+1)}v is given by the wire layout shown in Figure 6 (b). The new wire segments are defined to be critical. Thus, δ(W^{(i+1)}_v ) ≠ δ(W^{(i)}_v ) because of the knock-knee introduced. The new vertical wire segments are connected to the corresponding vertical wire segments of Wv_{i+1} by free wire segments. These connections can be done without crossing other connections because of the planarity of Gpl.

The induction base is given by a subcircuit W^{(0)}_v consisting of one horizontal critical wire segment with δ(W^{(0)}v ) =ALU1. By the above discussion, it is obvious that there is a cut CUT of Gpl with weight ωCUT if

Figure 7: Transformation of edge {v, v0}. Dashed lines denote free wire segments.

and only if there is a 2-layer wiring δ^′ (= δ^′(CUT )) with ω_δ0 = ωδ − ωCUT . To finish our construction, we only have to consider vertex v0. Let e = {v, v0} ∈ E be any edge incident to v0 and ωv be the corresponding weight. Remember that δ(W^{(0)}v ) =ALU1, i.e., the horizontal wire segment at the left of Wv is embedded into ALU1 by the 2-layer wiring δ. Once again, we distinguish between the two cases.

Case 1: ωv > 0, i.e., the weight of a cut CUT increases by ωv if e ∈ CUT . Thus, the wire layout we have to construct must have the property that flipping Wv locally results in a saving of ωv vias. The construction shown in Figure 7 guarantees this requirement. The macro cell Mv has ωv pins at its top border. The pins are preassigned to ALU1. Thus, the 2-layer wiring δ introduces a via for each pin. By flipping Wv, these ωv vias can be removed.

Case 2: ωv < 0, i.e., the weight of a cut CUT decreases by −ωv if e ∈ CUT . Thus, the wire layout we have to construct must have the property that flipping Wv implies that additional −ωv vias have to be introduced. The construction shown in Figure 7 guarantees this demand if the pins of the macro cell Mv are preassigned to ALU2.

This completes the construction of circuit C and the 2-layer wiring δ. By the above discussion the following lemma holds.

Lemma 1 There is a cut CUT of G with weight ωCUT if and only if a two-layer wiring δ^′ of C requiring ω_δ0 = ωδ −ωCUT vias can be obtained from δ by flipping a certain subset X(CUT ) of the clusters of C.

Theorem 1 CVMPP is NP-hard.

Proof: It follows immediately from the results of Barahona ([1], Section 4.3) that MCAPG is NP-hard even if only graphs with edge weights bounded by a constant are considered. Thus, by the above construction we can reduce MCAPG to CVMPP in polynomial time.

4 ... if the power supply nets are already generated

In the last section it has been shown that the unrestricted CVMPP problem is NP-hard. Thus, we can not hope to find an optimum solution in polynomial time. Fortunately, in practice we often do not have to solve the general problem, but are confronted with technical constraints. As will be shown, such constraints may drastically simplify the problem, allowing for a polynomial time exact solution of the restricted optimization problem.

Let us consider the situation where not only the signal nets but also all power supply nets have to be laid out in ALU1 and ALU2. The routing of these nets is extremely critical because of voltage drop and current density constraints, and thus, vias on these wire segments are much more ‘expensive’ than signal wire vias. As a consequence, power and ground wiring is best done in advance, without consideration of signal nets. The subsequent signal wiring phase then has to meet the fixed wiring of power supply lines. This strategy considerably simplifies the solution of CVMPP, especially, we will show that:

Theorem 2 Assume that the wiring of power supply nets has already been performed and must be met by the wiring of the signal nets. Then, CVMPP can be reduced to MCPG in linear time, and thus solved in time O(n^{32} log n).

Proof: Let W be an arbitrary wire layout with pin preassignments and given power and ground wiring. Since the layer assignment of power supply nets is not allowed to change, we have to treat these nets in the same manner as preassigned pins. Thus, power and ground lines are considered as critical wire segments and all these wire segments are assigned to cluster c0. Clearly, by the same argumentation as for the pin preassignment problem, solving MC for the resulting cluster graph GW is equivalent to solving CVMPP for fixed power and ground wiring.

The NP-hardness of CVMPP was due to the nonplanarity of GW . But under the constraint of fixed power supply net wiring, it can be shown that GW is always planar and thus CVMPP can be solved in time O(n^{32} log n) [3]. To see this, let us start by a simple observation based on the fact that every macro cell must be supplied with power and ground from the circuit borders: Let l be an arbitrary critical wire segment belonging to cluster c0. There exists a path P (in the graph-theoretical sense) from l to a primary output of W which only passes through wire segments from c0 and inner faces of modules.

Now, consider a rectangular layout W^′ which results from blowing up W such that all wires obtain non zero width. By definition, all the clusters except c0 occupy a continuous area in W^′. Let us assume that the inner faces of modules and the plane surrounding W^′’s rectangle are added to the area covered by c0. Then, because of our observation above, c0’s area is also continuous.

The planar embedding of the cluster graph GW is obtained by the following simple procedure: A cluster node is placed inside the area occupied by the corresponding cluster. The edges between the cluster nodes are drawn in two steps. First, we connect the corresponding cluster areas by following a free wire segment which induced the edge. These connections are obviously planar. Then, we draw the connections from the border of a cluster area to its cluster node. Since all cluster areas are continuous, this can also be done in a planar manner.

Figures 8, 9 and 10 illustrate the procedure of the above proof for our example circuit which has been extended by power and ground connections (extra bold lines) for both modules. The power supply lines are all treated as critical and belong to cluster c0. The initial wiring δ is again specified by the numbers in Figure 8. The wiring for c0 is chosen in accordance with pin preassignments and the given wiring of the power supply nets. The number of vias induced by δ is 11.

Figure 8: Circuit with power supply connections The corresponding cluster graph is given in Figure 9.

An optimum layer assignment δ^′ with 4 vias is obtained from δ by flipping the nodes of the maximum cut X = {1, 2, 3, 4, 7}. Figure 10 shows the planar embedding of the cluster graph obtained by the proof of Theorem 2. The nodes are placed inside the areas occupied by the corresponding clusters (indicated by shaded regions).

Figure 9: Cluster graph and maximum cut

5 Conclusion

In this paper the 2-layer constrained via minimization problem with pin preassignments (CVMPP) has been considered, which arises in the context of hierarchical wiring. Our results concerning CVMPP are twofold. On the one hand, they are destructive, since CVMPP has been proven to be NP-hard. It follows, that we can not expect to solve this optimization problem exactly in polynomial time, but have to restrict to approximation techniques [2].

Figure 10: Planar embedding of cluster graph On the other hand, we have seen that practical side constraints can drastically ease the problem. Thus, since vias on power supply connections are most expensive, the layer assignment for these connections is best fixed before 2-layer wiring of the signal nets is performed (in the case that both types of nets have to be embedded into the layers ALU1 and ALU2). It has been shown that under this constraint the CVMPP problem for the signal nets can be solved in time O(n^{3/2} log n), where n is the number of wire segments.

References

[1] F. Barahona. On the computational complexity of Ising spin glass models. J. Phys. A: Math. Gen., 15:3241–3253, 1982.

[2] M. Grötschel, M. Jünger, and G. Reinelt. Via minimization with pin preassignments and layer preference. TR 19, Depart. of Math., Augsburg, FRG, 1987.

[3] Y.S. Kuo, T.C. Chern, and W. Shih. Fast algorithm for optimal layer assignment. In Proceedings of DAC88, pp.554–559, 1988.

[4] D.P. Marple. A hierarchy preserving hierarchical compactor. In Proceedings of DAC90, pp.375–381, 1990.

[5] K. Mehlhorn and W. Rülling. Compaction on the torus. In Proceedings of AWOC88, pp.212–225, 1988.

[6] P. Molitor. Constrained via minimization for systolic arrays. IEEE Tr. on CAD, CAD-9(5):537–542, 1990.

[7] P. Molitor. A survey on wiring. EIK Journal of Information Processing, EIK 27(1):3–19, 1991.

[8] P. Molitor. A hierarchy preserving hierarchical bottom-up 2-layer wiring algorithm with respect to via minimization. INTEGRATION, will appear 1994.

[9] R. Pinter. Optimal layer assignment for interconnect.

In Proceedings of the IEEE International Conference on Circuits and Computers, pp.398–401, 1982.

[10] W. Rülling and T. Schilz. A New Method for Hierarchical Compaction. IEEE Tr. on CAD, CAD- 12(2):353–360, 1993.