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ABSTRACT

‘We propose in this paper a novel approach for speeding timing clo-
sure. We focus on the problem of accurate post-routing delay es-
timation from a given placement. Post-routing delays differ from
placement delays due to factors such as net topology, layer assign-
ment and congestion. Fundamental to our approach is utilizing an
existing base design to predict future designs. We present four
wire-delay estimation techniques based on: delay fitting, Steiner-
aware delay fitting, Steiner-aware RC sampling, and scaled Steiner-
aware RC sampling. We apply our techniques to several designs,
and using an industrial flow, we demonstrate that it is possible to
estimate the routing delays with an average estimation error of 16%
on benchmark circuits. These results are of practical value, and im-
prove on the state-of-the-art industrial estimation capabilities.

Categories & Subject Descriptors

B.7.1 [Integrated Circuits]: Types and Design Styles.

General Terms: Design, Performance, Algorithms.

Keywords: Interconnects, delay estimation, placement and rout-

ing.

1. INTRODUCTION

The objective of a priori wirelength estimation is to predict the
length of a net route before the computationally intensive routing
stage. The wirelengths are used to compute delays, which are
utilized to speed up physical synthesis and to reduce the number
of required design iterations. Several wirelength estimation tech-
niques have been investigated. The main hypothesis motivating
previous work in wirelength estimation is that wirelength correlates
well with post-route delay. However, post-route delays differ from
placement estimates mainly due to net topology, routing congestion
and layer assignment. Congestion occurs due to blockages and fi-
nite routing resources, which changes the topology of nets to avoid
congestion. Layer assignment can significantly change delay. For
example, a net of estimated length of 100 wm will have a delay of
0.9 ps if routed in the fourth metal layer in a typical 90 nm process,
but it will have a delay of 1.3 ps if routed in the first metal layer.
The layer choice results in a delay difference of 44%.
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The problem we address in this paper is a priori wire delay
estimation where the estimation occurs after placement but prior
to routing. Our underlying approach is based on characterizing a
known design, referred to as the base design, to predict delays for
a design variant or other designs that utilize the same router. Our
estimation approach captures empirically the router characteristics
as encountered in the base design and this empirical information is
used to estimate the delays of other designs. Our approach is prac-
tical as designers typically use the same router in either designing
a next-generation product based on one with similar function (a de-
sign variant), or designing a new integrated circuit using the same
design technology (different design, same technology).

We present in this paper four techniques to estimate routing de-
lays. We demonstrate the results of applying these techniques to
estimate the delays of design variants and completely different de-
signs than a base case. We highlight our contributions:

e We propose four delay estimators that vary in complexity
and in estimation capabilities. These estimators incorporate
many factors from the base design to determine the final
pin-to-pin routing delays. These factors include net degree,
Steiner wirelength, and the general impact of topology and
congestion.

o Our estimators empirically capture the routing characteristics
of a given router and thus the estimation results are likely to
occur when the same router is utilized. Thus, the applicabil-
ity of our approach is ideal in an industrial setting where the
same router is used across different designs.

e QOur estimators use lookup tables, therefore quickly provid-
ing estimation results. The estimation runtime is essentially
proportional to the number of the pin-to-pin paths in a de-
sign. Our approach is scalable and adaptable to very large
designs.

e Utilizing an industrial design flow, we validate the accuracy
of our delay estimates against the actual detailed routes. Our
experimental results indicate that we are able to achieve an
average 16% estimation error across a number of different
designs and design variants.

The paper is organized as follows. In Section 2, we give an
overview of previous related work. In Section 3, we present our
four estimation techniques outlining the construction of the lookup
tables and the information needed to utilize the tables. We con-
clude this section with a summary of our techniques. In Section 4,
we present experimental data that validate our approach and con-
trast our techniques. Section 5 summarizes the contributions of our
work and provides direction for future work.



2. PREVIOUS WORK

The prediction of wirelength characteristics has been an active
research topic for more than three decades. The interest in wire-
length prediction stems from two reasons: (1) total wirelength de-
termines the die area and consequently the cost of the circuit, and
(2) wirelength, in part, determines the delay and consequently the
performance of the circuit. Thus, it is important to evaluate wire-
length as early as possible.

A great amount of work focuses on the problem of a priori es-
timation of the placement wirelength before layout and routing [1,
2,3,4,5,6,7, 8,9, 10]. A popular estimation technique uses
Rent’s rule to deduce various circuit statistics [11, 1, 5]. While
techniques based on Rent’s rule are successful in calculating over-
all or average wirelength statistics, they are inadequate in predict-
ing individual wire length. It is also possible to estimate wirelength
characteristics through the use of lookup tables (or wire-load mod-
els) built from knowledge of previously routed circuits [12, 13].
While wire-load models are very fast estimators, they are typically
inaccurate. Another popular way to deduce wirelength statistics is
through topological analysis of the circuit netlist [7, 8, 9, 10] with
successful techniques such as mutual contraction [8], edge separa-
bility [9] and intrinsic shortest path length [10]. This estimation
can be aided through modeling of the underlying placement and
routing tools [3].

While delay is generally correlated with wirelength, the exact
delay of a wire depends on many factors including the exact topol-
ogy of the net taking into account congestion and layer assignment.
Thus, it is possible to find two wires with the same length in place-
ment yet with completely different delays in routing. Congestion
arises from the contention of design nets on the limited metal layer
resources. Before routing takes place, congestion maps can be
built through probabilistic analysis of the placement [14, 15] and
through analysis of the netlist characteristics and topology [16].
Even with congestion information, the exact wire delay cannot be
accurately calculated due to the impact of metal layer assignment
in determining the final resistance and capacitance of wires. In gen-
eral, long wires tend to reside on top metal layers and short wires
on bottom metal layers. In addition, wires that belong to the critical
path(s) are given preference to follow their shortest routing connec-
tions on the layers that lead to the minimum delay.

The focus of this paper is fast estimation of routing delay given
the placement of a circuit. Our work differs from previous ap-
proaches as we focus directly on delay calculation through estima-
tion of the routing resistance and capacitance while taking into ac-
count net topology, the impact of congestion, and layer assignment.
Our methods use elaborate lookup tables to estimate the routing de-
lay in a fast manner.

3. ROUTING DELAY ESTIMATION

The final pin-to-pin delay in a routed design could differ from
their placement-based, pre-routing estimates for a number of fac-
tors. These factors include the following:

e Layer assignment offers trade-offs between interconnect de-
lay and metal utilization. Layer assignment for the differ-
ent segments of a net will impact the final pin-to-pin delay.
Layer assignment also impact the number of inserted vias,
which also impacts delay.

e Competition among the different nets for the available metal
resources could lead to net topologies with detours. Thus,
the final net topologies could be different than their Steiner-
based placement counterparts.
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Figure 1: The quadratic fitting between the pin-to-pin place-
ment distance and the post-route delay for two-pin nets and
48-pin nets for one of our benchmarks.

e Blockages in the design (e.g., arising from the use of IP
blocks) could also lead to final net topologies that are dif-
ferent from their placement counterparts.

Our delay estimation techniques attempt to incorporate the im-
pact of these factors into their estimates. The underlying approach
in our estimation techniques is characterizing a known base de-
sign(s) to predict wire delays of design variants or other designs.
Our techniques empirically capture the characteristics of a router
as encountered in the base design. For any net, we identify five
features in a final routed design that are meaningful for delay esti-
mation purposes. These five features we capture are: (1) net degree,
(2) pin-to-pin route length, (3) routed Steiner tree wirelength of the
net, (4) sink pin capacitance, and (5) congestion and layer assign-
ment as measured by the difference between placement-based and
routing-based delays. Our methods offer a trade-off between their
ability to capture these features, and hence their modeling accu-
racy, and the complexities of the lookup tables. Our techniques are
as follows.

1. Delay Sampling (DS): Our first technique is motivated by the
observation that source-pin to sink-pin final routing delays depend
quadratically on the pin-to-pin placement length. For example, Fig-
ure 1 plots the relationship between the pin-to-pin placement length
and final routing delays for one of our benchmarks for nets of de-



gree 2 and nets of degree 48. The plots show that the relationship
between placement length and final delay can be reasonably cap-
tured with a quadratic fitting function.

To build our model, our estimation technique analyzes the base
design(s) and develops for each net degree, g, a quadratic func-
tion of the pin-to-pin placement length /. The empirical data from
the base design(s) are used to compute of three coefficients co(g),
c1(g), and c»(g), and use them to compute the estimated wire delay
according to:

6]

To estimate the delay of a pin-to-pin wire of a variant or a differ-
ent design, the estimator uses Equation (1) to find the final delay as
a function of the wire’s length and its net’s degree.

d=co(g)+ci(g) x 1" +ca(g) x I

2. Steiner-Aware Delay Sampling (SDS): While delay sampling
captures the impact of net degree on wire delay prediction, it lumps
all other delay differentiation factors (e.g., the net’s total wirelength,
its topology and its metal layers) in the fitting coefficients. De-
lay sampling does not distinguish between two same-length pin-to-
pin wires each belonging to nets with similar degrees yet having
Steiner trees with different total wirelengths. The difference in to-
tal wirelength translates to larger interconnect capacitance which
impacts the pin-to-pin delay. Our Steiner-Aware Delay Sampling
(SDS) technique improves over our first approach (DS) by incorpo-
rating a net’s total wire length into its post-route pin-to-pin delay
estimations.

Using a base design, we sample the delay for each pin-to-pin
wire, group and then average the delays according to net degree,
pin-to-pin distance, and the Steiner-tree wirelength. We thus build
a lookup table that predicts pin-to-pin delay for each unique combi-
nation of (1) net degree, (2) Steiner tree wire length and (3) pin-to-
pin distance. Given a pin-to-pin wire that is part of a net, we use the
delay value indexed by the net’s degree, the Steiner tree wirelength
of the net, and the wire’s pin-to-pin distance as the estimated de-
lay. Data from the lookup tables are interpolated and extrapolated
as needed.

3. Steiner-Aware RC Sampling (SRCS): With the SDS technique,
we accounted for a net’s total wirelength and its impact in on esti-
mating its pin-to-pin delays. One of the problems of the first two
techniques is that they do not differentiate between wires that see
different gate capacitances at the sink node (assuming all other fac-
tors are the same). In the previous two techniques, the delay con-
tributions from both the wire and sink pin capacitances are lumped.
Indexing occurs only by wire length, net degree and total wire-
length. The gate capacitance at the sink node is an important factor
that could differentiate pin-to-pin delays. The Steiner-Aware RC
Sampling (SRCS) technique accounts for the sink’s capacitive load.
Instead of sampling the delay as in the previous two methods, we
sample for a base design(s) the resistance and the capacitance of
each net. We create lookup values containing a resistance, R(g,w),
and a capacitance, C(g,w), for each unique combination of net de-
gree g and Steiner tree wirelength w.

To estimate the delay d for a pin-to-pin wire of length / that be-
longs to a net n, we first obtain R(g,w) and C(g,w) from the lookup
table using n’s net degree g and its placement’s Steiner tree wire-
length w. We then use Equation (2) to calculate the delay estima-
tion. In Equation (2), we make the conservative assumption that
each unit resistance sees all distributed capacitance (the first term
in the equation) and Cy;,,; (the second term in the equation), where
Cyink 18 the sink pin’s gate capacitance. We set the resistance of the
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pin-to-pin wire to be equal the total resistance of the net R(g,w)
multiplied by the ratio of the placement length of the wire to the
net’s placement Steiner wirelength w.

C(g,w)
5 @)

While we use an Elmore delay based formula for delay estima-
tion, Elmore delay can be easily fitted with great accuracy to the
final routing delay of the pin-to-pin wire [17]. A fitted Elmore de-
lay based on the final routes is equal to

l
d:R(ng)X;X( +Csink)

dfinal =ax Rl_ex X Cn_ex +bx Rl_ex X Csink7 (3)

where djiny is the final routing delay as reported in a SDF file,
R; ¢x and C;,_y are the actual post-route wire resistance and total
net capacitance as reported by post-route RC extraction tool, and a
and b are fitting coefficients. The fitting coefficients a and b can be
incorporated in Equation (2) as follows

C(g,w)
2
to improve the accuracy of our post-placement delay estimator.

l
d:R(g,W)X;X(aX +b><csink) “4)

4. Scaled SRCS: One of the problems in any lookup table method-
ology is that there were will be estimation instances where the in-
dexes into the lookup table do not lead to a valid record. In this case
the delay estimate can be set equal to the nearest existing record in
the lookup table or it can be set equal to an interpolation of the near-
est existing records in the lookup table. In this technique, Scaled
Steiner Aware RC Sampling (Scaled SRCS), we attempt to improve
the delay estimates for nets with characteristics (e.g., net degree,
Steiner length) that do not lead to a match in the lookup table.

We introduce scaling factors that indicate on average the change
in delay when the same net 7 is routed only on the first metal layer
using the shortest path. Note that our choice of the first metal layer
is arbitrary. We define s, as the resistive scaling factor for net n.
sy indicates the relative magnitude of the resistance of the net in
the actual layout when compared to the its resistance if it is routed
entirely in metal 1. Similarly we define s. as the capacitive scal-
ing factor for net n. s. indicates the relative magnitude of the ca-
pacitance of the net in the actual layout when compared to the its
capacitance if it is routed entirely in metal 1. When obtaining the
reference metall route from the original route for n, we assume the
following:

o All routes on metal 1 use the shortest pin-to-pin path.

o Since all metal segments are on metal 1, there are no metal
segments on different metal layers. All vias are removed.

The first step to build the lookup tables for this technique is to use
the base design(s) to extract the total resistance R, and capacitance,
C, for every net n and compute the net’s resistance Ry, ;;e1q71 and
capacitance C, jerqr1 as if the net is entirely routed using a shortest
path, and using only metal 1. We then calculate the resistive and
capacitive scaling actors s, and s, of net n as follows:

R, 4

s, = n actual 5)
Ry metain
G

Se = n actual (6)
Cn metall



(A) When building the estimation function or the lookup table, we use the following information:

route steiner tree

net degree route length net delay length
DS X X X
SDS X X X X
SRCS X X
Scaled SRCS X X X

(B) When computing the stimated delay, we utilize the following information:

placement steiner

net degree placement length tree length C_sink
DS X X
SDS X X X
SRCS X X X X
Scaled SRCS X X X X

Table 1: Summary of each estimation technique’s main characteristics.

To build our lookup table, we compute the scaling factors for the
different nets and then group and average them according to net
degree and Steiner tree wire length. Thus, for each unique combi-
nation of net degree and Steiner tree wire length, our lookup table
stores a resistive scale factor s, (g, w) and a capacitive scaling factor
Sc (g ’ W) .

To estimate the delay d for a pin-to-pin connection with length
[ belonging to net n of degree g and Steiner length w, we compute
the net’s resistance, CR(w) and capacitance, CC(w), assuming a
shortest path metal 1 route and using the placement’s Steiner tree,
and then adjusting these delay using s,(g,w) and s.(g,w)

d =CR(w) x % X 5r(g,w) X (a x CC(w) X s¢(g,w) + b X Cyink),

(7
where a and b are the fitting coefficients from Equation (3) that
better fit Elmore delay estimate to the actual delays. The main
advantage of estimating the delay using Equation (7) in compar-
ison with Equation (4) is that the delay estimate directly takes into
account the placement delay in its computation which provides a
better estimation in case the net characteristics do not match any of
the entries in the lookup table. This is evident when comparing the
resistive and capacitive terms in each equation.

Summary of Techniques: We summarize the four estimation tech-
niques in Table 1(A), and Table 1(B). The techniques vary in four
ways. First, each technique utilizes a subset of information from
the base design(s) to build an estimation function or lookup table.
Second, each technique’s lookup table provides unique informa-
tion. The first two techniques provide delay information. The third
technique provides resistive and capacitive values. The fourth tech-
nique provides scaling factors. Third, the index into the lookup
table utilizes some or all placement data. Fourth, we utilize the
lookup information along with placement information to compute
the delays. For example, for our SRCS technique, we use the net
degree and Steiner tree length from the base design to build the
lookup table. The lookup table provides two numbers: a resistance
value and a capacitance value. To compute the delay estimate for

a pin-to-pin wire, we use the net degree and the placement Steiner
tree length to look up the information in the table. We use this in-
formation along with the placement length and the sink capacitance
to compute the estimated delay. Our Scaled SRCS technique uses
the same input information as the SRCS technique to obtain the
scaling factors. Scaled SRCS then uses a different formula to com-
pute the estimated delay. Scaled SRCS offers an advantage when a
variant or new design contains many nets with characteristics that
do not match the entries in the constructed lookup tables.

4. EXPERIMENTAL RESULTS

We verify the accuracy of our delay estimators within an indus-
trial design flow. We use Cadence First Encounter v4.1 for place-
ment, routing, and RC extraction. We also utilize an industrial 90
nm technology library together with four benchmark circuits. The
benchmark statistics are summarized in Table 2. We first place the
circuits and then predict the routing delay. The predicted delay is
compared against the reference routing delay and the error in delay
estimation is reported. The estimation error is defined as absolute
difference between the estimated delay and the actual routing delay
normalized by the routing delay as given by the following equation:

estimated delay from placement — routing delay
routing delay

estimation error =|

We propose two methods to test the validity of the proposed es-
timators. In the first method, we create variants of the base circuit
and test the accuracy of the delay models calculated from the given

Circuit || # Nets | # Cells | core area (um?)
A (des) 27478 | 27104 285861
B (aes_cipher) || 15880 | 15265 160769
C (s38417) 8558 8529 69713
D (s13207) 2302 2240 21895

Table 2: Relevant statistics of used benchmark circuits.



circuit in predicting the delay of the variant circuits. Thus, the first
method can be considered as a way to measure the stability of the
proposed estimators. In the second method, we use the estima-
tor models calculated from the base circuit to predict the delay of
completely different circuits. Thus, the second method is used to
measure the universality or the generality of our estimators.

4.1 Estimator Stability

To test the stability of the proposed estimation methods, we syn-
thesize design variants. The variants are derived by placing block-
age areas in the base design. Blocking forces route and/or layer
changes. The new routes lead to consumption of metal resources
elsewhere which impacts other nets, leading to a “ripple" effect im-
pacting the delays of a large number of nets on different layers. The
impact of various blocking geometries on changing the wirelength
has been previously evaluated [18].

Our blockages are 4um wide and range in length on a desig-
nated metal layer. Carefully selecting the metal layer and size of the
blockage controls the extent of variant. After creating the blockage,
we re-route the design and calculate the percentage of nets that have
a change in delay compared to the original design. We create two
design variants: one where 10% of the nets have different delays,
and one where 40% of the nets have different delays. For example,
Figure 2 compares the pin-to-pin delay (in ns) of the original design
(x-axis) and the 40% variant design on the y-axis for all benchmark
circuits. The figure shows that our blockage insertion yields sub-
stantial changes into the pin-to-pin delays. We use the estimation
model from each of the benchmark circuits, compare its estimation
against the reference design, the 10% design variant, and the 40%
design variant. We tabulate the results of our delay estimations of
the original and variant circuits in Table 3 and summarize the aver-
ages in Table 4.

Among the four techniques, the RC sampling techniques (SRCS
and Scaled SRCS) predict wire delays more accurately then the
delay-based methods (DS and SDS). All sampling techniques ex-
perience accuracy degradation as the extent of variant increases. As
congestion increases, due to the introduction of blockages, more
changes in layer assignment and topology occur, which deterio-
rates the results of those techniques. In general RC sampling pro-
vides better results than delay sampling because congestion does
not alter sink capacitance.
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Figure 2: The post-route pin-to-pin delay of the original (x-axis
ns) vs. the 40 % variant (y-axis ns) for each benchmark circuit.
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Circuit Estimation | Original Variants
Technique 10% | 40%
A DS 46% | 47% | 47%
SDS 25% | 28% | 38%
SRCS 10% | 10% | 18%
Scaled SRCS 13% | 13% | 18%
B DS 51% | 51% | 52%
SDS 13% | 21% | 41%
SRCS 9% | 10% | 22%
Scaled SRCS 1% | 12% | 21%
C DS 29% | 29% | 34%
SDS 9% | 11% | 35%
SRCS 4% | 13% | 25%
Scaled SRCS 5% 5% | 20%
D DS 34% | 35% | 40%
SDS 6% 8% | 23%
SRCS 3% 5% | 23%
Scaled SRCS 5% 5% | 18%

Table 3: Compare the stability among techniques.

4.2 Estimator Universality

In the second series of experiments, we validate the universality
of our estimator. We use the models computed from one circuit de-
sign to estimate the delay of other circuit designs. The estimation
error for each of the four benchmark circuits is presented in Table 5
using the circuit itself and each of the other circuits as a reference.
For thoroughness, we report the results using every potential ref-
erence circuit. Table 6 summarizes the results across all reference
circuits for all of our techniques.

Scaled SRCS outperforms other methods with a capability to
predict delay with an average estimation error of 16% across all
references. The better performance of scaled SRCS is mainly at-
tributed to its use of individual resistive and capacitive scaling fac-
tors that are able to do a better job when the estimated designs
have nets with different characteristics than those encountered in
the base design. On the other hand, delay estimation methods (DS
and SDS) that attempt to predict delay directly without estimating
the individual resistances and capacitances perform poorly when
predicting other designs. Circuits A and B are larger than circuits
C and D, and contain a larger variety of net degrees. Circuits A and
B are thus better reference circuits than the two smaller circuits C
and D.

The accuracy of our sampling techniques means that it is pos-
sible to obtain accurate routing delay estimations using a simple
and fast method. Our method involves the use of pre-constructed
lookup tables together with the layer and topology compensation
factors. These numbers are calculated once and used as a “golden”
reference to compute the delay of other circuits. Our results show
that this approach gives good results. It is also possible to obtain
higher estimation accuracy by averaging the results of a number of
constructed tables to obtain the golden standard.

Estimation || Original Variants
Technique 10% 40%
DS 40.0% | 40.5% | 43.3%
SDS 13.3% | 17.0% | 34.3%
SRCS 6.5% | 9.5% | 22.0%
Scaled SRCS 85% | 8.8% | 19.3%

Table 4: Average stability results.



Ref. Estimation Technique Estimation Error

Circuit AT B [ CTD
DS | 46% | 56% | NA | NA
SDS | 25% | 70% | 65% | 64%
A SRCS | 10% 18% | 23% | 26%
Scaled SRCS | 13% 16% | 18% | 22%
DS | 46% | 51% | NA | NA
SDS | 80% 13% | 56% | 59%
B SRCS | 26% 9% 15% | 20%
Scaled SRCS | 18% 11% | 16% | 17%
DS | 136% | 157% | 29% | NA
SDS | 150% | 176% | 9% | 49%
C SRCS | 50% | 63% | 4% | 28%
Scaled SRCS [ 20% | 20% | 5% | 22%
DS | 132% | 157% | NA | 34%
SDS | 137% | 160% | 62% | 6%
D SRCS | 70% | 114% | 21% | 3%
Scaled SRCS | 19% 18% | 17% | 5%

Table 5: Estimation error reported for circuits A, B, C, and D
with each circuit acting as a reference.

Estimation Technique Reference circuit Average
A B C D
DS || 51% | 49% | 107% | 108% 79%
SDS || 56% | 52% | 96% 96% 75%
SRCS || 19% | 18% | 36% 52% 31%
Scaled SRCS || 17% | 16% | 17% 15% 16%

Table 6: Average universality results.

S. CONCLUSION & FUTURE WORK

In this paper we have addressed the problem of accurately esti-
mating routing delay from circuit placement using fast techniques.
The main contributor factors to the discrepancy between placement
and routing delays are net topology, layer assignment, and conges-
tion. To take these factors into account, we have proposed a number
of different techniques. Our techniques construct lookup tables or
calculate scaling factors to arrive at the estimated routing delay.
Using an industrial flow, we have verified the accuracy of our tech-
niques on a number of circuit designs. Our results show that it is
possible to estimate the routing delay with an average estimation
error of 16%. Our methods can be incorporated into placers to di-
rectly derive their objective to optimize the routing delay or can be
used post-placement to better predict circuit timing.

A number of future research directions are outlined:

1. Designers are particularly interested in estimating delays of
critical paths. Thus, it is possible to refine our techniques to
focus on delay estimation of critical paths.

2. In an industrial setting, our estimation techniques can con-
tinuously evolve and improve their accuracy by further pop-
ulating their lookup tables with encountered routing results.

3. Our approach can utilize the results of a fast global routing
stage to further tune its detailed routing estimates.
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