Optimal Reliable Crosstalk-Driven Interconnect Optimization^{∗†}

Iris Hui-Ru Jiang^1, Song-Ra Pan^2, Yao-Wen Chang^2, and Jing-Yang Jou^1

1Department of Electronics Engineering, National Chiao Tung University, Hsinchu 30010, Taiwan huiru@athena.ee.nctu.edu.tw, jyjou@bestmap.ee.nctu.edu.tw 2Department of Computer and Information Science, National Chiao Tung University, Hsinchu 30010, Taiwan {gis87528, ywchang}@cis.nctu.edu.tw

Abstract

As technology advances apace, crosstalk becomes a design metric of comparable importance to area and timing. This paper focuses mainly on the crosstalk issue, speci�cally on the impacts of physical design and process variation on crosstalk. While the feature size shrinks below 0.35 μm, the impact of process variation on crosstalk increases rapidly. Hence, a crosstalk insensitive design is desirable in the ultra-deep submicron regime. In this paper, crosstalk sensitivity is referred to as the in�uence of process variation on crosstalk in a circuit. We show that the lower bound of crosstalk sensitivity grows quadratically, while that of crosstalk increases linearly. Therefore, designers should also consider crosstalk sensitivity, when optimizing other design objectives such as crosstalk, area, and delay. According to our modeling, these objectives are all in posynomial forms, and thus the multi-objective optimization problem can optimally be solved by Lagrangian relaxation. Experimental results show that our method is effective and ef�cient. For instance, a circuit of 2856 gates and 5272 wires is optimized using only 46 minute runtime and 2.8 MB memory on a SUN UltraSPARC II 300 workstation. In particular, by relaxing Lagrange multipliers to the critical paths, it takes only two iterations for all solutions to converge to the global optimal, which is much more ef�cient than related previous work. This relaxation scheme provides a key insight into the rapid convergence in Lagrangian relaxation.

1 Introduction

As the feature size shrinks into the ultra-deep submicron (UDSM) regime, crosstalk is becoming a new design challenge of comparable importance to area and timing. This paper focuses mainly on the crosstalk issue, speci^cally on the impacts of physical design and process variation on crosstalk.

In the UDSM era, the interconnect delay starts to dominate the delay in a circuit. Gate delay declines as technology progresses, but the intrinsic delay of interconnect remains the same. In addition, the growing coupling capacitance magni^es the effective loading of interconnect and induces noise to interfere signal propagation.

∗The work of Iris Hui-Ru Jiang and Jing-Yang Jou was partially supported by Na-

tional Science Council of Taiwan under Grant No. NSC89-2215-E-009-058.

†The work of Song-Ra Pan and Yao-Wen Chang was partially supported by Na-

tional Science Council of Taiwan under Grant No. NSC89-2215-E-009-055.

Moreover, interconnect may become a bottleneck of the continuation of Moore’s law, which has perfectly forecasted the legend of semiconductor industry so far [13]. This trend forces designers to endeavor after interconnect optimization. Recent literature intensively focuses on crosstalk, mainly depending on the coupling capacitance between wires. The typical techniques to reduce the coupling capacitance include wire permutation [5], perturbation [12], and shielding [11], etc.

On the other hand, when technology shrinks below 0.35 μm, designers have to consider the impact of subwavelength lithography, where the feature size becomes smaller than the wavelength of the light shining through the mask [8]. Subwavelength lithography could cause variations in the dimensions of components. This type of process variation may create considerable unexpected circuit behavior [11] and, in the worst case, could offset the optimization done by designers. Hence, a reliable design of insensitivity to process variation is desirable.

Considering crosstalk and process variation together, this paper ^rst raises an issue on crosstalk sensitivity, which re~ects the in- ~uence of process variation on the crosstalk in a circuit. Crosstalk sensitivity is measured by the ^rst derivative of crosstalk with respect to wire width, thus it could be considered during the wire sizing stage in post-routing optimization. In Section 3, we derive the formula for crosstalk sensitivity. Based on our formula, as technology scales down, the lower bound of crosstalk sensitivity increases quadratically, while the lower bound of crosstalk increases linearly. This fact shows that process variation affects crosstalk more than physical design does. Currently, most research attention is directed to crosstalk minimization; however, our work reveals that a reliable design with crosstalk insensitivity is also desirable in the UDSM technology.

When technology advances apace, designers are simultaneously challenged by multiple objectives, including crosstalk, crosstalk sensitivity, area, and delay. Our modeling for these objectives shows that they can simultaneously be handled by gate and wire sizing in post-routing optimization. According to our modeling, these design metrics are all in posynomial forms [6], and thus the multi-objective optimization problem can optimally be solved by the Lagrangian relaxation method. Moreover, our method can easily be extended to other objectives, for example, energy in high-performance circuitry. The experimental results show that our method is effective and ef^- cient. For instance, a circuit of 2856 gates and 5272 wires is optimized using only 46 minute runtime and 2.8 MB memory. We note that all solutions rapidly converge to the global optimal after only two iterations by relaxing Lagrange multipliers to the critical paths of the benchmark circuits. The relaxation scheme provides a key insight into the rapid convergence in Lagrangian relaxation. To the best knowledge of authors, this kind of ef^ciency has never been reported in related previous work.

2 Circuit Interpretation

A digital circuit can be divided into combinational and sequential parts. After applying peripheral retiming [9], we can perform optimization on the combinational part to achieve our design objectives. Hence, this paper focuses on combinational circuits and interprets them in the way similar to that adopted in [2].

Figure 1: (a) A combinational circuit, where the gate and wire sizes can be varied. (b) The corresponding circuit graph, where two arti�cial nodes, 0 and 14, are added.

Given a combinational circuit with s primary inputs, t primary outputs, and n gates and/or wires as shown in Figure 1(a), we construct the corresponding circuit graph as depicted in Figure 1(b). Each primary input or primary output has a respective corresponding input driver or output load. A component is a circuit element that may be a gate, a wire, or an input driver. A circuit graph H = (V, E) is a directed acyclic graph. The set of nodes V = G ∪ W ∪ R ∪ {s̃} ∪ {t̃} contains the set G of gates, the set W of wires, the set R of input drivers, as well as two arti^cial nodesŮthe source s̃ and the sink t̃. On the other hand, the set E of edges represents the connections between nodes. An edge (i, j), an ordered pair, links node i to node j if data ~ow from node i to node j. Additional edges are added to connect s̃ to input drivers and link primary outputs to t̃. The index of each node is done by the topological sort [3]. We set the indices of s̃ and t̃ as 0 and m = n+s+1 respectively. In addition, input(i) = {j|(j, i) ∈ E}, and output(i) = {j|(i, j) ∈ E}.

Figure 2: A gate/wire is modeled as a combination of RC elements. A gate is the loading of its upstream, but the driver of its downstream. A wire is represented by the π model.

Figure 2 shows the analytical models for gates and wires used throughout this paper. We choose the π model [11] to approximate wire behavior. For a gate i of size xi, the resistance ri is r̂i/xi, and the capacitance ci is ĉixi, where r̂i and ĉi are its unit-size resistance and capacitance. For a wire j of size xj, the resistance rj is r̂j /xj, and the capacitance cj is ĉjxj + fj + 2Ccj , where r̂j is its unitsize resistance, and ĉj, fj, and 2Ccj are its respective unit-size, fringing, and worst case coupling capacitance. We will detail the calculation of the coupling capacitance in Section 3.1. Later, by incorporating the coupling capacitance into the wire capacitance, we can directly consider the coupling effect on delay, and even on power. In addition, an input driver i, 1 ≤ i ≤ s, is treated as a gate whose xi is always 1 and r̂i equals R^D_i . With the circuit model, a combinational circuit is transformed into a network with resistors and capacitors, as illustrated in Figure 3. In the transformed circuit, for 1 ≤ i ≤ n + s, upstream(i) is the set of all the nodes except i on i’s upstream paths; similarly, downstream(i) is the set of i and all the nodes on its downstream paths. The Elmore delay [4] is used as the delay of a component; the delay Di of node i is riCi, where Ci is the downstream capacitance. In the circuit graph H of a circuit, each node i is associatedwith all the above parameters. Thus we can optimize a circuit through manipulating the corresponding circuit graph.

Figure 3: A circuit is transformed to an RC network. As an example, the delay D_8 = r_8C_8, where C_8 is the sum of all the capacitors in the shaded area.

3 Crosstalk and Crosstalk Sensitivity

In this section, we will discuss the formulas for crosstalk and crosstalk sensitivity.

3.1 CrosstalkŮCoupling Capacitance

Figure 4: Two neighboring wires has coupling capacitance.

In this paper, the coupling capacitance is used as the quantity of crosstalk. Figure 4 gives an instance where a coupling capacitance exists between two parallel wires segments i and j probably belonging to different routing trees. The coupling capacitance cij between two neighboring wires i of size xi and j of size xj is directly proportional to the overlap length lij but inversely proportional to the center-to-center distance dij. cij = f̂_{ij}l_{ij} dij −^{xi +xj}_2 = (^ fijlij dij ) ( 1 − xi + xj 2dij )_{−1} (> 0). (1)

As can be seen in Equation (1), wire sizing affects crosstalk, thus causing variation on delay and disturbance on signal integrity. The ^rst term in Equation (1), f̂ijlij/dij , is a constant extracted by technology ^les and design circuits, while the second term, (1 − (xi + xj )/2dij)^{−1}, could be varied by wire sizing. Let x = (xi + xj)/2dij , the second term becomes (1 − x)^{−1}, 0 < x < 1. It can be seen that cij is a positive quantity, and its lower bound c̃ij is f̂ijlij /dij. As a result, the crosstalk lower bound c̃ij is inversely proportional to wire spacing, thus increasing linearly with technology advancing. (1 − x)^{−1} can be expressed by Taylor series

∑_∞ n=0 x^n. If (1 − x)^{−1} is approximated by the ^rst k terms in the series, then the error ratio is x^k. When k = 2, cij ≈ c̃ij ( 1 + xi + xj 2dij ) . (2)

The neighborhood N(i) of wire i is de^ned as the set of its adjacent wires; the dominating index I(i) of N(i) of wire i is de^ned as the set of adjacent wires with the indices greater than i. For instance, if wires 7 and 4 are adjacent to wire 5, then N(5) = {7, 4} and I(5) = {7}. Hence, the worst case coupling capacitance 2Cci between wire i and its neighbors is 2 ∑ j∈N(i) cij. By Equation (2),

the capacitance ci of wire i is ci = ĉixi + fi + 2Cci = ĉixi + fi + 2 ∑ j∈N(i) cij

= ĉixi + fi + 2 ∑ j∈N(i) c̃ij ( 1 + xi + xj 2dij )

= ĉ_i + 2 ∑ j∈N(i) ĉij x_i

+ f_i + 2 ∑ j∈N(i) f̂_{ij}l_{ij} dij ( 1 + xj 2dij ) . (3)

In Equation (3), we consider the worst case coupling capacitance 2Cci. If the switching behavior of wires is available, the worst case coupling capacitance 2Cci in wire capacitance ci can be substituted by the effective coupling capacitance [7]. On the other hand, by incorporating the coupling capacitance into the wire capacitance, we can directly consider the coupling effect on delay, and even on power. Note that Equation (3) is posynomial (positive polynomial) [6], an important property to guarantee the optimality of our algorithm.

3.2 Crosstalk Sensitivity

As indicated in Figure 4, the in~uences of xi and xj on cij are in the same direction: the larger xi and xj, the larger cij. Consequently, the crosstalk sensitivity ςij of cij is de^ned as the superposition of the ^rst derivatives of cij with respect to xi and xj. ςij ≡ | | | | ∂cij ∂xi + ∂cij ∂xj | | | | = ∂cij ∂xi + ∂cij ∂xj = (^ fijlij d^2_{ij} ) ( 1 − xi + xj 2dij )_{−2} (> 0). (4)

Equation (4) reveals that the crosstalk sensitivity ςij is also a positive quantity; moreover, its lower bound ς̃ij is f̂ijlij /d^2_{ij}. The crosstalk sensitivity lower bound ς̃ij is quadratically proportional to the inverse of wire spacing. Thus process variation affects crosstalk in a quadratic fashion. Crosstalk sensitivity should be an increasingly important design metric in the UDSM regime.

4 The Gate and Wire Sizing Problem

A generic optimization problem in the gate and wire sizing stage is described as follows. M : Minimize Dmax / ∗ max delay ∗ /

Subject to D ≤ Dmax, / ∗ timing relationship ∗ / X ≤ X^B, / ∗ crosstalk constraints ∗ / S ≤ S^B , / ∗ crosstalk sensitivity constraints ∗ / A ≤ A^B, / ∗ area constraints ∗ / sizing constraints. Problem M tries to minimize the critical delay Dmax under timing, crosstalk, crosstalk sensitivity, area, as well as sizing constraints. The following will detail the objective and these constraints.

4.1 The Objective and Constraints

In order not to traverse total paths (that may grow exponentially in the graph size), each node i, 1 ≤ i ≤ m, is associated with its arrival time ai. The objective function is to minimize the critical delay, and is equivalently to minimize the arrival time am of sink. The timing relationship between components are subject to the timing constraints. Thus aj ≤ am, j ∈ input(m), aj + Di ≤ ai, s + 1 ≤ i ≤ n + s, j ∈ input(i), Di = ai, 1 ≤ i ≤ s. The crosstalk for each pair of adjacent wires i and j is bounded by X^B_{ij} . Hence, we have, by Equation (1), cij ≤ X^B_{ij} . ⇒ c̃ij < c̃ij ( 1 − xi + xj 2dij )_{−1} ≤ X^B_{ij} . ⇒ xi + xj 2dij ≤ 1 − c̃ij X^B_{ij} . (5)

As can be seen, the crosstalk bound X^B_{ij} must be larger than the crosstalk lower bound c̃ij. If technology is scaled down, c̃ij will increase in a linear fashion.

On the other hand, for each pair of adjacent wires i and j, the crosstalk sensitivity is constrained by S^B_{ij} . By Equation (4), ςij ≤ S^B_{ij} . ⇒ ς̃ij < ς̃ij ( 1 − xi + xj 2dij )_{−2} ≤ S^B_{ij} . ⇒ xi + xj 2dij ≤ 1 − √ ς̃ij S^B_{ij} . (6)

The crosstalk sensitivity bound S^B_{ij} needs to be greater than the crosstalk sensitivity lower bound ς̃ij . As technology advancing, ς̃ij thus increases in a quadratic fashion. In other words, the crosstalk sensitivity issue may become more signi^cant than the crosstalk one in the UDSM era.

By Inequalities (5) and (6), we have xi + xj 2dij ≤ min ( 1 − c̃ij X^B_{ij} , 1 − √ ς̃ij S^B_{ij} ) . ⇒ xi + xj ≤ 2dij min ( 1 − c̃ij X^B_{ij} , 1 − √ ς̃ij S^B_{ij} ) . ⇒ xi + xj ≤ χ^B_{ij}. Hence, in the gate and wire sizing stage, designers should pursue not only crosstalk minimization but crosstalk insensitivity also.

Although many objectives have to be attained, area is still an important design concern. The area occupied by each gate/wire i is given by αixi, where αi is the quantity of unit size. Since the sizes of input drivers are ^xed, we focus on the remaining area occupied by gates and wires, which is restricted to A^B. n+s∑ i=s+1 αixi ≤ A^B. Given a technology ^le and circuit, the lower bounds of gate/wire sizes are always related to the feature size, and the upper bounds are limited by the performance concern. Thus we have the following constraints for all gates and wires. Li ≤ xi ≤ Ui, s + 1 ≤ i ≤ n + s.

Gate Wire Crosstalk Crosstalk Sensitivity Area/ Sizing Delay Delay Lower Bound Lower Bound Device

1/U ¿ 1 U U^2 1/U^2 1/U

Table 1: Technology scaling down U times bene�ts gates but harms wires.

We summarize how the aforementioned design characteristics change as technology scales down U times. Table 1 reveals the pro^table effects of scalingŮthe speed of gates increases in a linear fashion, while the area declines in a quadratic fashion. In contrast, the table also indicates the harmful impacts of scalingŮthe delay of wires does not decline; moreover, the crosstalk grows in a linear fashion, and the crosstalk sensitivity increases in a quadratic fashion. As shown in Table 1, crosstalk sensitivity should be a new comer after crosstalk which may play an even important role in the future technology.

4.2 Problem Formulation

We substitute the objective and constraints derived in the preceding subsection for those in Problem M as follows. P : Minimize am Subject to aj ≤ am j ∈ input(m) aj + Di ≤ ai s + 1 ≤ i ≤ n + s, j ∈ input(i) Di = ai 1 ≤ i ≤ s xi + xj ≤ χ^B_{ij} i, j ∈ W ∑_{n+s} i=s+1 αixi ≤ A B Li ≤ xi ≤ Ui s + 1 ≤ i ≤ n + s. 5 Lagrangian Relaxation

As given in Problem P, the objective and constraints are in posynomial (positive polynomial) forms [6]. This property guarantees Problem P can optimally be solved by the Lagrangian relaxation method. We relax the constraints into the objective function by introducing one Lagrange multiplier to each constraint.

Let x=(xs+1, ..., xn+s) and a=(a1, ..., am). As a result, the La-

grangian function is given by Lλ,β,γ (x, a) = am + ∑ j∈input(m) λjm(aj − am)

+ n+s∑ i=s+1 ∑ j∈input(i) λji(aj + Di − ai)

+ s∑ i=1 λ0i(Di − ai) + ∑ i∈W ∑ j∈I(i) βij(xi + xj − χ^B_{ij})

+ γ (_{n+s} ∑ i=s+1 αixi − A^B ) .

By the Kuhn-Tucker theorem [14],^{∂Lλ,β,γ}_{∂ai} (x, a)=0, we have Theorem 1.

Theorem 1 The optimality conditions on Lagrange multipliers are given by (1) ∑ j∈input(m) λjm = 1. (2) ∑ k∈output(i) λik = ∑ j∈input(i) λji, for 1 ≤ i ≤ n + s. Proof:

Rearranging terms for Lλ,β,γ (x, a), we have

Lλ,β,γ (x, a) = 1 − ∑ j∈input(m) λjm a_m

+ n+s∑ i=1 ∑ k∈ouput(i) λik − ∑ j∈input(i) λji a_i

+ n+s∑ i=1 ∑ j∈input(i) λji D_i + ∑ i∈W ∑ j∈I(i) βij(xi + xj − χ^B_{ij} )

+ γ( n+s∑ i=s+1 αixi − A^B).

We apply the Kuhn-Tucker theorem,^{∂Lλ,β,γ}_{∂ai} (x, a)=0, the theorem follows. 2 If we de^ne μ=(μ1, ..., μm) and μi = ∑ j∈input(i) λji, under the optimality conditions, Equation (7) can be rewritten as Lμ,β,γ (x) = n+s∑ i=1 μiDi + ∑ i∈W ∑ j∈I(i) βij(xi + xj − χ^B_{ij} )

+ γ (_{n+s} ∑ i=s+1 αixi − A^B ) , (7)

where Di = riCi and Ci is i’s downstream capacitance.

For any vector λ satisfying the optimality conditions in Theorem 1, the corresponding Lagrangian relaxation subproblem LRS of Problem P is formulated as follows. LRS : Minimize Lμ,β,γ (x) Subject to Li ≤ xi ≤ Ui s + 1 ≤ i ≤ n + s. By^{∂Lμ,β,γ}_{∂xi} (x)=0, we have the optimal sizing for each gate or wire as follows.

Theorem 2 Let x̃=(x̃s+1, ..., x̃n+s) be a solution. For s+1 ≤ i ≤ n + s, the optimal sizing x^∗_i = min(Ui, max(Li, opti)), where opti = √ O1 O2 + O3 + O4 , O1 = μir̂iC^′_i, O2 = γαi, O3 = ∑ k∈upstream(i) μkrk ĉ_i + 2 ∑ j∈N(i) ĉij , O4 = ∑ j∈N(i) μjrjĉij + βij,

C^′_i = { Ci −^{ĉi+2} ∑ j2N(i)^{ĉij} 2 xi if i ∈ W , Ci otherwise.

Proof:

C^′_i is the portion of downstream capacitance Ci which is independent of the size xi. In terms of C^′_i, Equation (7) can be rewritten in the following. Lμ,β,γ (x) = n+s∑ i=1 μiriC^′_i

+ ∑ i∈W μir̂i ĉi + 2 ∑ j∈N(i) ĉij 2 + ∑ i∈W ∑ j∈I(i) βij(xi + xj − χ^B_{ij})

+ γ( n+s∑ i=s+1 αixi − A^B). We extract the terms dependent on xi. Lμ,β,γ (x) = μir̂iC^′_i xi + ∑ k∈upstream(i) μkr̂k(ĉi + 2 ∑ j∈N(i) ĉij)xi + ∑ j∈N(i) μj rjĉijxi + ∑ j∈N(i) βijxi + γαixi + terms independent of xi. The minimum Lμ,β,γ occurs when^{∂Lμ,β,γ}_{∂xi} (x)=0; thus the theorem follows. 2 It can be shown that there exists a vector of Lagrange multipliers such that the optimal solution of LRS is also the optimal solution of the original problem P. The problem to ^nd such a vector is the Lagrangian dual problem: LDP : Maximize min Lμ,β,γ (x) Subject to λ in the optimality conditions. By Theorems 1 and 2, we propose the OS algorithm shown in Figure 5 to solve Problem LDP optimally. At the beginning, A1 sets β and γ to arbitrary positive numbers and assigns an arbitrary positive vector in the optimality conditions to λ. In A2, μ is then calculated with respect to λ. A3 solves the Lagrangian relaxation subproblem LRS. Lagrange multipliers are then adjusted by the sub-gradient method in A4. A5 projects the new multipliers onto the nearest point in the optimality conditions; our projection scheme is relaxing Lagrange multipliers to the critical paths. It is shown in experimental results that this projection strategy leads to very fast convergence. A6 updates the iteration counter. We repeat the above process until the solution converges within the error bound (see A7).

Subroutine: LRS (Lagrangian Relaxation Subroutine) Input: the circuit graph H and Lagrange multipliers μ, β, γ Output: x=(xs+1, ..., xn+s) which minimizes Lμ,β,γ (x) S1. xi ← Li, ∀ s + 1 ≤ i ≤ n + s. S2. Compute C^′_i, ∀ s + 1 ≤ i ≤ n + s

by traversing H in the reverse topological order. S3. for i = s + 1 to n + s do xi ← min(Ui, max(Li, opti)). S4. Repeat S2-S3 until no improvement.

Algorithm: OS (Optimal Sizing) Input: the circuit graph H Output: λ, β, γ which maximize min Lμ,β,γ (x) A1. k ← 1;

λ ← an arbitrary vector in the optimality conditions; β ← an arbitrary vector;

γ ← an arbitrary positive number; A2. μ = (μ1, ..., μm), where μi = ∑ j∈input(i) λji. A3. Call LRS and compute a1, ...am. A4. Adjust multipliers λji’s, βij’s, γ

by the sub-gradient method.

A5. Project λ onto the nearest point in the optimality condition. A6. k ← k + 1.

A7. Repeat A2-A6 until (am − Lλ,β,γ (x)) ≤ error bound.

Figure 5: The Optimal Sizing Algorithm.

6 Extension to Other Objectives

Our formulation can also be extended to other objectives such as energy in high-performance circuitry. We demonstrate how the energy constraint can be incorporated into our formulation in this section. Extensions to other objectives can be considered similarly. For a given technology ^le and circuit, energy is the product of power consumption and delay, which is generally a constant. This type of energy can thus re~ect the energy consumed by the circuit per lowto-high or high-to-low transition. Let VDD be the supply voltage. If the overall energy in a circuit is subject to E^B , we have n+s∑ i=s+1 ciV^2_{DD} ≤ E^B . This inequality is also in a posynomial form; thus, without loss of optimality, it can be incorporated into the optimization problem solved in the preceding section. Let δ be the Lagrange multiplier

Ckt Ckt Size Xtalk (fF) Xtalk Sens. (fF/¯m) Area (k¯m2) Delay (ns) ite time mem Name #G #W All Initial Final Initial Final Initial Final Initial Final (m:s) (MB) c432 217 408 663 370.39 95.44 1622.80 155.97 56.96 17.78 386.45 31.04 2 00:13 1.12 c499 253 491 787 426.76 120.84 1809.51 208.06 67.73 23.51 314.58 24.01 2 00:23 1.22 c880 390 714 1166 615.13 173.57 2599.26 299.20 98.04 33.03 337.47 26.27 2 00:43 1.21 c1355 650 1200 1893 1064.46 283.12 4640.17 469.55 166.02 52.51 359.35 28.38 2 02:17 1.39 c1908 390 826 1251 742.84 195.93 3239.36 327.38 114.70 36.18 376.44 29.80 2 00:55 1.30 c2670 924 1736 2819 1473.02 418.20 6154.96 700.62 239.38 78.51 464.04 38.62 2 04:14 1.59 c3540 1038 2187 3277 1915.42 506.60 8207.23 826.86 304.98 90.38 435.16 35.75 2 06:26 1.76 c5315 1778 3694 5652 3153.84 886.35 13351.34 1471.83 509.12 165.16 386.35 39.43 2 19:54 2.29 c6288 2856 5272 8162 4567.58 1218.15 19453.80 1978.36 725.77 219.64 689.87 64.50 2 46:28 2.80 c7552 2247 4344 6799 3698.97 1034.57 15557.38 1739.88 598.27 189.37 675.42 59.64 2 29:25 2.39 Imprv (X) - 3.67 9.41 3.14 11.97 -

Table 2: Experimental results on the MCNC93 benchmark circuits.

for the energy constraint. Accordingly, the quantity of opti in Theorem 2 can be modi^ed as follows. opti = √ O1 O2 + O3 + O4 + O5 , where

O5 = δV^2_{DD} ĉ_i + 4 ∑ j∈N(i) ĉij . 7 Experimental Results

We implemented our algorithm and tested on the MCNC93 benchmark circuits on a SUN UltraSPARC II 300 workstation. The technology parameters used in our experiments are as follows. The supply voltage is 2.5 V. The resistance and capacitance of a unitwidth inverter are 4.73 kΩ and 8.8 fF respectively, and the resistance, capacitance, and fringing capacitance of a unit-width wire are 5.3 Ω, 2.06 fF, and 102.6 fF respectively. The respective lower and upper bounds of a gate are 0.36 μm and 5 μm, while those bounds of a wire are 0.36 μm and 1.8 μm.

Table 2 lists the names (Ckt Name) of the circuits, numbers of gates (#G) and wires (#W) in the circuits, total numbers of components (All), crosstalk (Xtalk), crosstalk sensitivity (Xtalk Sens.), area (Area), delay (Delay), numbers of iterations (ite), runtimes (time (measured by minute:second)), and storage requirements (mem). The improvement Imprv (X) is calculated by^{Initial}_{F inal} . The experimental results show that our method is effective and ef- ^cient. Table 2 reveals that while crosstalk is on average improved 3.6 times, crosstalk sensitivity is on average improved 9.41 times. The respective improvements on area and delay are 3.14 and 11.97 times. Further, our method converges very fast and its storage requirement is quite small. For instance, a circuit of 2856 gates and 5272 wires is optimized using 46 minute runtime and 2.8 MB memory. We note that all solutions rapidly converge to the global optimal after only two iterations by relaxing Lagrange multipliers to the critical paths of the circuits. To the best knowledge of authors, this kind of ef^ciency has never been reported in related previous work.

8 Conclusion

This paper has raised a new issueŮcrosstalk sensitivity, which is an important new design metric in the UDSM technology. We have optimally solved a multi-objective optimization problem by Lagrangian relaxation. The experimental results show that our method is very ef^cient and effective. Our projection scheme, relaxing Lagrange multipliers to the critical paths, provides a crucial insight into effectively adjusting Lagrange multipliers, which is a key ingredient to Lagrangian relaxation.

References

[1] C.-P. Chen, Y.-W. Chang and D. F. Wong, ŞFast Performance-Driven Optimization for Buffered Clock Trees Based on Lagrangian Relaxation,Ť Proc. 33rd Design Automation Conference, pp. 405Ű408, Las Vegas, NV, June 1996.

[2] C.-P. Chen, C. C. N. Chu and D. F. Wong, ŞFast and Exact Simultaneous Gate and Wire Sizing by Lagrangian Relaxation,Ť Proc. International Conference on Computer Aided Design, pp. 617Ű624, San Jose, CA, Nov. 1998.

[3] T. H. Cormen, C. E. Leiserson, and R. L. Riveset, Introduction to Algorithms, McCraw-Hill, 1989.

[4] W. C. Elmore, ŞThe Transient Response of Damped Linear Networks with Particular Regard to Wide Band Ampli^ers,Ť Journal of Applied Physics, 19(1), 1948.

[5] T. Gao and C. L. Liu, ŞMinimum Crosstalk Channel Routing,Ť Proc.

International Conference on Computer Aided Design, San Jose, CA, Nov. 1993.

[6] F. S. Hillier and G. J. Lieberman, Introduction to Operations Reserch, 5th ed., McGraw-Hill, 1990.

[7] H.-R. Jiang, J.-Y. Jou and Y.-W. Chang, ŞNoise-Constrained Performance Optimization by Simultaneous Gate and Wire Sizing Based on Lagrangian Relaxation,Ť Proc. 36th Design Automation Conference, pp. 90Ű95, New Orleans, LA, June 1999.

[8] A. B. Kahng, ŞCurrent and Future Physical Design Challenges From Subwavelength Lithography,Ť Proc. International Symposium on Physical Design, Monterey, CA, Apr. 1999.

[9] S. Malik, E. Sentovich, R. K. Brayton and A. Sangiovanni-Vincentelli, ŞRetiming and Resynthesis: Optimization of Sequential Networks with Combinational Techniques,Ť IEEE Trans. on Computer Aided Design, 10(1), Jan. 1991.

[10] S. Pullela, N. Menezes and L. T. Pillage, ŞReliable Non-Zero Skew Clock Trees Using Wire Width Optimization,Ť Proc. 30th Design Automation Conference, pp. 165Ű170, June 1993.

[11] J. Rabaey, Digital Integrated Circuits: A Design Perspective, Prentice- Hall, 1996.

[12] P. Saxena and C. L. Liu, ŞCrosstalk Minimization Using Wire Perturbations,Ť Proc. 36th Design Automation Conference, pp. 100Ű103, New Orleans, LA, June 1999.

[13] Semiconductor Industry Association, ŞNational Technology Roadmap for Semiconductor,Ť 1997.

[14] W. L. Winston, Operations Research: Applications and Algorithms, 3rd ed., Thomson, 1994.