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Fig. 27. Steps in overall area estimation flow to derive the final area
estimation.

PLB architecture, where in both cases the overhead dropped. In-
terestingly, for 5-MUX-PLB, the overhead dropped from 10.5%
to � 2.2% when compared against the 5-LUT architecture,
indicating that the 5-MUX-PLB architecture is smaller than
the 5-LUT architecture. The larger area reduction for 5-MUX-
PLB to 5-LUTs is not surprising since the number of transistors
required to implement a LUT is exponentially proportional to
the LUT size. Although the results show minor deviations, the
purpose of this set of experiments was to illustrate a full PLB
evaluation using our method. No custom steps were required
nor were any changes needed in our technology mapper or
evaluation framework. The only manual steps included the
derivation of the PLB architecture and calculating the MWT
areas of each tile.
3) Adding Routing Constraints With SAT: It is clear from

Table IV that the routing components of the PLB dominate
the total area. Thus, it would be beneficial to explore both
changes in routing architecture and changes in PLB architec-
ture. Fortunately, our SAT-based technology mapper can easily
incorporate routing restrictions to explore various constraints
on the PLB inputs. The way we illustrate this is through
PLB(a) reshown here in Fig. 28. The previously shown results
in Table I clearly show that PLB(a) should be robust enough
to successfully implement a wide range of circuits. Instead
of supporting PLB(a) using the same routing architecture as
5-LUTs, we restrict the routing as illustrated in Fig. 28(b).
In this case, intracluster routing would only require an extra
OR gate, an AND gate, and an extra SRAM bit, where the
transistor implementation of the AND–OR gate cascade is shown
in Fig. 29. As for the intercluster routing, only one extra input
and output per cluster would need to be added. The goal of
restricting routing is the dual of the previous experiments: we

are adding logic to our PLB in an attempt to reduce the PLB
usage, which hopefully will amortize the area overhead of the
additional logic. To model the routing restriction in the PLB
technology mapper, we allowed a PLB to feed any number of
LUT inputs and, at most, one cascade input. We also disallowed
other components, such as input–output pins, to feed a cascade
input. This constraint is easily added to the characteristic func-
tion using the technique described in Section III-B. Thus, no
changes to the technology mapper were necessary.

To calculate the minimum-width transistor area of the PLB
tiles, we assumed the same cluster characteristics as the previ-
ous experiments (four-input PLBs: N = 10, I = 22, W = 50,
CLK = 1, Fcfb = 0.5, Fc = 0.5, Fs = 3; five-input PLBs:
N = 10, I = 27, W = 50, CLK = 1, Fcfb = 0.5, Fc = 0.5,
Fs = 3). In the case of the restricted routing architecture, the
four-input PLB cluster characteristics were used except for the
numbers of inputs and outputs that were changed to 23 and 11,
respectively. Intercluster routing was not changed; thus, no
changes to the VPR MWT routing estimates were necessary.
The minimum-width transistor area for a tile of PLB(a) is
shown in Table V, where they are compared against the 4-LUT
architecture. ORfull refers to the nonrestricted routing archi-
tecture, ORrestrict refers to the restricted routing architecture
(cascade input), and 4-LUT is the 4-LUT architecture. As the
results show, the cascade input adds some overhead compared
to the 4-LUT architecture. However, the restricted architecture
uses much less area, particularly when comparing the cluster
and tile area. Finally, as with the previous 4-MUX-PLB archi-
tecture, we compare the PLB usage and MWT area against
the 4-LUT architecture. Here, we technology mapped our
182 MCNC benchmark circuits and calculated the geometric
mean of the ratio of our PLB architecture against a 4-LUT
architecture, where we compare both PLB usage and MWT
area. This is summarized in Table VI, where only the geo-
metric mean is shown. The PLB column indicates which PLB
architecture is being compared, the ORrestrict : 4-LUT columns
report the geometric means of the comparisons done against
the 4-LUT architecture, and the ORrestrict : ORfull columns
report the geometric means of the comparisons done against the
nonrouting restricted architecture. As the results clearly show,
although restricting the routing architecture increases the PLB
usage by about 6%, the reduction in routing area amortizes the
usage overhead and reduces the minimum transistor width area
by about 4%. These results were expected since the simple
routing architecture of the cascade input uses much less area
than a fully routable five-input PLB. This proves that our
SAT-based technology mapper can easily and successfully add
various routing constraints to the PLB architecture.

B. Resynthesis Results

In this section, we illustrate to solve the problems associated
with state-of-the-art technology mappers and synthesis using
SAT. We technology map some very common subcircuits found
in digital designs and resynthesize them using our SAT-based
function mapper. We wrote several designs in Verilog code,
synthesized the code into basic gates using VIS [24], opti-
mized the gate-level netlists using SIS [23] (script.rugged) and
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TABLE VIII
COMPARISON OFUSING THE QUANTOR QBF SOLVER VERSUS

REMOVING QUANTIFIERS ON THEQBF AND USING CHAFF

2� '������ ����

For PLBs of input size six or less, there was a negligible
cost of using SAT during technology mapping, where the
evaluation time for each cone was under 1 ms. However,
once the PLBs grew beyond six inputs, the SAT running time
increased signiÞcantly, particularly when the cones did not
Þt into the given PLB. To illustrate, we ran 50 instances of
attempting to Þt an eight-input function into the nine-input
PLB shown in Fig. 20(e) and recorded the average running
time. For cases that the function Þts into the PLB, the average
time was 12.3 s, and for no Þt cases, the average running time
was 35.3 s. The dramatic difference in running time between
small PLBs (� six inputs) and large PLBs (' six inputs)
can be attributed to the exponential relationship in the SAT
CNF expression size with respect to the number of inputs.
This is due to the replication process to remove universal
quantiÞers described in Section III-A. The original motivation
of removing quantiÞers was to simplify our problem. However,
promising results obtained from the Quantor QBF solver imply
that this may not be necessary. The Quantor [14] QBF solver
was very successful in solving some hard PLB Þt instances,
as shown in Table VIII. This does not contradict our claim
that the our conversion to SAT simpliÞes the problem, since
the technique that Quantor uses to solve QBFs is very sim-
ilar to our replication process, which they call Òresolve and
expand.Ó However, unlike our technique, Quantor uses several
advanced optimizations to further simplify the Þnal replicated
CNF expression. The beneÞt of these optimizations is shown
in Table VIII. The QSAT-Quantor column shows the Quantor
QBF solver running time in seconds when attempting to Þt a
six-input function, a seven-input function, and an eight-input
function. The SAT-Chaff column shows the running time in
seconds when attempting to solve the same problem but Þrst
converting the problem to SAT and solving it with the Chaff
SAT solver. As the results show, for functions of six inputs or
less, converting the problem to SAT seems to be equivalent to
solving the problem with Quantor. This however dramatically
changes for the large function sizes of seven inputs or more,
where Quantor has a substantial speedup over the SAT con-
version method.

VI. CONCLUSION AND FUTURE WORK

In this paper, we have shown a practical application of
SAT to the problem of cost reduction of FPGA-based circuit
realizations. We have described two different methods, namely:
1) a generic PLB evaluation method and 2) a resynthesis
technique.

Our PLB evaluation method is based on a generic technology
mapper that is capable of mapping a circuit description to any

arbitrary logic block. This allows for the study of architectural
features that can be used to reduce the overall area of the
FPGA. This includes both architectural changes in the PLB
and routing features. The automation of our method derives
from the generality of the technology-mapping algorithm. The
FPGA architect simply needs to give our tool a description
of the PLB architecture. This includes input pin restrictions
along with the PLB description that may be as simple as a
� -LUT or as complex as a PLB containing MUXes or cascade
gates. Also, the� � � area estimate of each PLB needs to
be provided. Once these descriptions are passed to our tool,
the technology mapper will provide a mapped solution of the
circuit and give the PLB usage along with the� � � area.
During our study, we successfully technology-mapped circuits
to several PLB architectures with no specialized decomposition
techniques, some with several constraints including input-pin
permutability. In particular, we have shown a PLB architecture
that is competitive with a 5-LUT architecture and that the use
of an extra dedicatedORÐAND cascade can lead to signiÞcant
area reductions in many cases.

Our resynthesis technique reduces the number of� -LUTs
required to implement subcircuits for LUT-based FPGA archi-
tectures. We have shown area reductions of up to 67% in some
cases using these techniques with an average reduction of 27%.

An obvious extension to our work would involve the com-
bination of the two applications discussed in this paper. Our
future research directions also involve the development of
QBF solvers to bring down the signiÞcant runtime penalty
from using SAT-based techniques. The drop in runtime would
allow us to explore larger resynthesis structures. This could be
used to build an extremely large cache of optimal subcircuit
conÞgurations that could help perform subcircuit restructuring
after technology mapping. In addition, a drop in runtime would
allow for a real-time technology-mapping engine capable of
technology mapping to extremely large PLBs (more than eight
inputs). Large PLBs are becoming more common in com-
mercial FPGAs, where some already have eight-input PLBs
[3]. The Quantor solver gives promising results for running
time. Tuning Quantor to solve the function-mapping problem
described previously could yield a substantial speedup. We
also hope to provide a number of benchmarks that will help
to drive the development of an efÞcient QBF solver such
as Quantor.

Overall, we have presented an elegant approach to the PLB
mapping problem and have shown some promising applications
of this technique.
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