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Abstract1
In this paper, we present the techniques in RWCap2,
which is a fast capacitance field solver for VLSI
interconnects. The solver is based on the floating random
walk (FRW) algorithm for capacitance extraction. Hence,
it has the advantages of less memory usage, better
parallelism and tunable accuracy over the conventional
methods for capacitance field solver. To improve the
computational speed of the FRW algorithm, and equip it
for the extraction task with chip-scale large structures,
several techniques are proposed and integrated into
RWCap2. We will introduce the usage of the solver and
demonstrate its efficiency for capacitance extraction.

the FRW based capacitance solver, a program set called
RWCap [11] was developed in 2012, and upgraded to
RWCap2 (Version 2) in May 2013. Efficient techniques
were also proposed to parallelize the FRW based
capacitance extraction on GPUs [6]. In this paper, the
techniques used in RWCap2 are introduced. Due to the
page limit, we will emphasize their basic ideas, and the
usage of RWCap2, which is available to public.
2. Background
The electric potential of a point r can be expressed as
an integral of the potential on a surface S surrounding it:
(
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where I(r) is the potential of point r and P(r, r(1)) is
called the surface Green’s function. The domain
enclosed by S is often called the transition domain. P(r,
r(1)) is non-negative for any point r(1) on S, and can be
regarded as the probability density function (PDF) for
selecting a random point on S. With the principle of
Monte Carlo (MC) simulation, I(r) can be estimated as
the statistical mean of I(r(1)).
To compute the capacitances related with conductor i
(called master conductor), a Gaussian surface Gi is firstly
constructed to enclose it (see Fig. 1). According to the
Gaussian theorem, charge Qi of conductor i becomes
Qi
F ( r ) g (1) Z( r, r (1) ) P(1) ( r, r (1) )I ( r (1) )dr (1) dr . (2)

1. Introduction
The floating random walk (FRW) algorithm [1-6] is a
major field-solver method for capacitance extraction.
Compared with the deterministic algorithms (e.g.
boundary element method [7, 8]), the FRW algorithm
has several advantages, especially for the chip-scale
large interconnect structures.
Today, the FRW algorithm has become the kernel of
commercial capacitance solvers (such as QuickCap).
With parallel computing techniques, they have been
applied to the block- or chip-level extraction tasks in the
sign-off verification of very large-scale integrated (VLSI)
circuits. However, approximations are made in the
commercial FRW solvers; the theory and technique of
accurate FRW solver for the problem with multidielectric environment are not established. Although
techniques were recently proposed to deal with arbitrary
dielectric configuration and for a fabric-aware extraction
problem [9, 10], they are either inefficient for large
problem or not for the general problem of capacitance
extraction. As for handling the multiple dielectrics in
actual applications, the existing works [3, 4] are not
efficient or lack technical details.
To fill in the gap between the theory and application of
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where F(r) is the dielectric permittivity at point r, g is a
constant, and function Z( r, r (1) ) is called weight value
[1, 5]. Here P(1) denotes the surface Green’s function for
S(1) enclosing r. With the MC method, Qi can be
estimated as the statistical mean of sampled values on Gi,
which is further the mean of sampled values on S(1)
multiplying the weight value.When I(r(1)) is unknown,
Gaussian surface

master
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Fig. 1 Two examples of the random walk in the FRW algorithm
for capacitance extraction (a 2-D cross-section view).
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(1) can be applied recursively to (2), which means the
sampling procedure repeats until the potential of a
sample point is known. This can be interpreted as a
floating random walk (FRW) procedure: for the j-th hop
of a walk, a transition domain centered at r(j-1) is
constructed and then a point r(j) is randomly selected on
its boundary according to the discrete probabilities
obtained with P(r(j-1), r(j)). The walk terminates after k
hops if I(r(k)) is known, e.g. it is on the surface of a
conductor with known potential (see Fig. 1).
Although the surface Green’s function for a spherical
transition domain has simple analytical expression [2],
we only consider the cubic transition domain that is well
suited to the Manhattan-shaped interconnects in VLSI
circuit. The surface Green’s function P(1) in (2) only
depends on the relative position of r(1). So, we can
pre-calculate and tabulate the sampling probability and
weigh value for a unit-size cube.
In a multi-conductor system, the charge of a conductor
is a linear combination of the potentials of all conductors.
By definition, the capacitances between the conductor
and other conductors are the combination coefficients.
Therefore, the aforementioned deduction of FRW
procedure reveals that the statistical mean of the weight
values for the walks terminating at conductor j
approximates capacitance Cij between conductors i and j
(if jzi), or the self-capacitance Cii of master conductor i.
The total runtime of the FRW algorithm is roughly:
(3)
Ttotal N walk  N hop  Thop ,
where Nwalk is the number of random walks/paths, Nhop is
the average number of hops in a walk, and Thop is the
average computing time for a hop.

this strategy. However, this would induce many hops in a
walk, and thus is not efficient.
With numerical techniques like the finite difference
method (FDM), the transition probabilities can be
calculated for a transition cube with multiple dielectrics
[9]. For a cubic domain with multiple dielectrics, as the
one in Fig. 3, the electric potential in a homogeneous
region is governed by the Laplace equation. Supposing
Dirichlet boundary condition (i.e. known potential on the
cube surface), we can solve the potential of inside points.
This involves the discretization of the 3-D domain or
2-D boundary. And, the solved potential of cube’s center
point is a linear combination of the potentials of the
cube’s boundary panels. The combination coefficients
are just the transition probabilities that we want.
a surface panel
the center point
:2
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Fig. 3 A transition cube with multiple dielectrics.
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Our approach is based on two observations: 1) modern
VLSI process technology mainly involves multiple
layers of metal wires and dielectrics; 2) the capacitance
coupling mainly exists between neighbor layers, and
enabling a hop across a dielectric interface would
shorten the length of most walks. So, we propose to
numerically characterize the surface Green’s function for
the cubic transition domain with two dielectric layers
(see Fig. 3), which would greatly improve the efficiency
with limited memory overhead. Fig. 2(b) illustrates the
situation where a hop is able to cross one dielectric
interface. Comparing Fig. 2(b) and Fig. 2(a), we can see
that the number of hops is largely reduced.
Efficient FDM techniques [5] have been developed to
solve the Dirichlet boundary-value problem for the
transition cube with two dielectric layers and produce the
transition probabilities tables (called GFTs) and the
weight value tables (called WVTs). The corresponding
program is “TechGFT” in the RWCap program set [11].
3.2 Variance reduction for fast MC convergence
In the FRW algorithm, the weight value:
 P (1) ( r, r (1) ) nˆ ( r )
 P( r c, r c(1) ) nˆ ( r c) (4)
Z( r , r (1) )  r (1)
 r
(1)
1)
gP ( r , r )
g  L  P( r c, r c(1) )
is the estimate of capacitance in the MC procedure. In
(4), L is the edge length of the first transition cube, P(r’,
r’(1)) denotes the surface Green’s function for the
unit-size cube, and superscript ’ labels the positions in
the unit-size cube. Due to the central limit theorem, the
capacitance result obeys the normal probability
distribution, and its standard deviation (Std) is estimated
with the variance of the returned weight values of walks

3. Advanced Techniques in RWCap2
The first two techniques are able to reduce Nhop and
Nwalk, respectively. The last is helpful for reducing Thop.
3.1 Efficient treatment of the multi-layered dielectrics
The analytical surface Green’s function for the
spherical transition domain with different hemispheres
helps the FRW algorithm to handle the situation with
multiple dielectrics [2]. Since the original FRW [1] relies
on that the transition cube is within a single dielectric,
the sphere transition domain can be used to continue the
walk stopping at dielectric interface. Fig. 2(a) illustrates
Conductor j
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(a)
(b)
Fig. 2 A shortest random walk in multiple dielectrics with spherical transition domain (a) and precharacterization technique (b).
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(zero for the walk not hitting relevant conductor). To
improve the convergence rate of the MC procedure, it is
crucial to reduce the variance of weight values for a
given number of walks. Note that with the help of
pre-calculated WVTs, we actually know the possible
values of the weight value. In Fig. 4(a), we draw the
distributions of the opposite of weight value (4) for the
r(1) on top and side faces of the cube. It demonstrates that
the weight value has certain degree of variance.
Inspired by importance sampling (IS), we modify the
integral formula (2) so as to reduce the variance of
resulting new weight value. For the transition cube with
a specific dielectric configuration, we first calculate:
(5)
K ³ r P( r, r (1) ) nˆ ( r ))d
dr (1) ,

and the other with negative weight value. And, the
Gaussian surface is decomposed so that each face is a
strata. Take a cubic Gaussian surface as an example.
With the SS technique, the original integral (2) is now
calculated separately as 12 integrals. The combination of
IS and SS techniques delivers a comphrensive scheme of
variance reduction to the FRW algorithm. Numerical
experiments demonstrate it brings 3X or more speedup
without memory overhead and the loss of accuracy [5].
The scheme is also superior to the techniques in [4].
3.3 Fast space management for chip-scale structures
For each hop of a walk, a conductor-free cubic
transition domain is constructed. We need to find the
distance from current point to its nearest conductor block
to make the transition cube as large as possible. When
there are a large number of conductor blocks, an Octree
based space management structure [5], which indexes all
the blocks, should be used. For each node in Octree, the
“candidate list” of the nearest blocks for points in the
node is generated. So, only distances to the fewer blocks
in candidate list are calculated for each FRW hop, which
is indispensable for preserving the FRW algorithm’s
efficiency while extracting chip-scale large structures.
Construction of the Octree can be done by inserting all
conductor blocks into an empty Octree’s root one by one.
Two thresholds: nt and lt, are used. When a node’s
candidate list contains more than nt blocks, the node
should be divided into 8 subnodes. To avoid the tree
growing too high, the spatial dimension of a leaf node
should not less than lt. The primary operation for
constructing the Octree is checking if a block should be
added into a node’s candidate list. This is judged with the
domination relationship defined as follows:
Definition 1: T is a node, and B1, B2 are two blocks. If
for any point PT, and PB1B2, d(P, B1)dd(P, B2), we
say B1 dominates B2 regarding T.
A block will not be inserted into a node’s candidate list
unless it’s not dominated by any other blocks in that
candidate list. Thus, the domination relationship should
be judged between the block and every block in the
node’s candidate list. This could cost huge time while
handling a structure with thousands of blocks. Techniques are proposed to reduce the domination judgment.
Definition 2: The size of a cuboid node is defined as the
maximum of the node’s length, width and height.
Definition 3: The distance limit L(T) of an Octree node
T is the minimum distance between it and a block in its
candidate list, plus the node’s size.
Actually, L(T) is an upper bound of the distance to
nearest block from any point in node T. For a new block
B, the candidate list of a leaf node T and block B0 in the
list, if d(B, T)tL(T)=d(B0, T)+Size(T), B is dominated
by B0. Because for any point P in the conductor-free
space within T, we have d(P, B0) d d(T, B0)+Size(T)=L(T)
d d(T, B) d d(P, B). While inserting a block to the

S

where S is the surface of the unit-size cube. Since r is the
center of cube, K is a positive constant. Then,
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We define function q( r, r (1) )

r P( r, r (1) ) n
n̂ˆˆ(( r ) K to be

a new PDF for sampling on S. The new weight value is:
  K /( L  g ), if r P( r , r (1) ) nˆˆ(( r )>0 .
(6)
Z( r, r (1) )= ®
(1)
¯ K /( L  g ), if r P( r , r ) nˆˆ(( r )  0
In Fig. 4(b), we draw the distribution of the opposite of
the new weight value (6). It is almost constant, for cubes
with same size and dielectric configuration. Thus, the
new FRW scheme may exhibit much less variance.
To remove the variance of new weigh value in Fig. 4(b)
and brought by L in (6) further, the stratified sampling
(SS) technique is employed. We divide the cube’s
surface into two stratas, one with positive weight value
top face
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Fig. 4 The values in WVT for r(1) on top and side faces of the
cube. (a) for the Z of the standard FRW, (b) for the Z using
the importance sampling.
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In the package of RWCap (Version 1), the “.qbem”
files for cases in [5] are in folder “cases”. In RWCap2
package, folder “LargeCase” includes 4 large structures
[12]. Fig. 5 shows the second case (called “FreeCPU”)
with 3037 nets formed by 37062 conductor blocks. And,
the largest one has half a million conductor blocks. Each
of these “.qbem” files describes layered medium
configuration and the geometries of conductor blocks.
On a Linux server with Intel Xeon E5-2650 8-core 2.0
GHz CPU, the parallelized RWCap2 is able to extract
capacitances for all nets in “FreeCPU” in 35.2 minutes.
This means an average extraction speed of about 0.7
second/net, under the accurate 1% error criterion.
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4. Usage of RWCap and Examples
The program set RWCap includes two programs:
TechGFT written in Matlab, and RWCap-solver written
in C++. Now, we only share their executable versions.
TechGFT generates the binary files storing GFTs and
WVTs for transition cubes with specified two-layer
dielectric configurations. The input is a text file with
“.diel_conf” suffix. Each line in it follows the syntax:
.d <down_diel> <up_diel>
It indicates a dielectric layer interface, where
“down_diel” and “up_diel” are two numbers meaning
the relative dielectric permittivities below and above the
interface, respectively. Once the input file with dielectric
configurations is ready, executing “RunTechGTF” under
the current path in Matlab starts the generation of GFT
and WVT files. It will prompt specifying a “.diel_conf”
file, and output the data files in a folder with the same
name as the “.diel_conf” file.
RWCap2 has two running modes. The first one:
$ rwcap2 --gft <data_dir>
registers folder “data_dir” storing the data generated by
TechGFT. It is omitted if solving a single-dielectric case.
Then, the second mode performs FRW based extraction:
$ rwcap2 -f <file_name> [-p <rel_self_cap> | -t
<num_walks>] [-n <num_thread>] [-w min_width>]
The “-f” argument indicates the “.qbem” format file
describing the 3-D structure for capacitance extraction.
The next two arguments specify the convergence
criterions. The last two specify the number of threads
used for multi-core parallel computing and the minimum
wire width for optimal space management, respectively.
Despite the last four arguments are optional, the second
one is usually specified to ensure the accuracy.

Fig. 5 Partial 2-D layout of “FreeCPU” case, and its zoom-in.
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