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TABLE VII
RELATIVE LATENCY AND AREA COEFFICIENTS FOR VARIOUS OPERATORS
BASED ON SYNTHESIS RESULTS USING UMC’s 130-NM PROCESS

[ Operator [ Latency [ Area |
32-bit + 32-bit adder 1.000 1.000
32-bit * 32-bit multiplier 1.524 | 18.463
32-bit and 0.010 0.236
32-bit xor 0.029 0.415
32-bit shifter 0.295 1.977
32-bit shifter (constant) 0.000 0.000
32-bit comparator (eq) 0.095 0.512
32-bit comparator (geq) 0.552 0.632

TABLE VIII

ESTIMATED VERSUS SYNTHESIZED LATENCY AND AREA RESULTS FOR THE
MOST PROMISING CUSTOM INSTRUCTIONS WHILE UNROLLING SHA

[ | Est. Latency [ Synt. Latency | Est. Area | Synt. Area |
SHA 3.035 1.095 7.658 5.554
SHA (2) 6.047 2.099 13.316 8.581
SHA (5) 15.085 5.119 30.290 21.266
SHA (10) 30.149 10.393 58.580 42.405
SHA (full) 242.037 82.495 433.981 345.440

approaches can be highly inaccurate because the target hard-
ware libraries and the optimizations applied by the synthesis
tools are not taken into account. Table VIII compares the syn-
thesized latency (HWs(S)) and area results of the custom in-
structions for five SHA implementations with the estimated la-
tency (HW (S)) and area results. Note that area estimations are
computed by assuming a cumulative cost model and using the
coefficients of Table VII. A large gap between the estimations
and the synthesis results can be observed. This gap becomes
even larger as the main loop of SHA gets unrolled, and larger
DFG subgraphs are identified. Assuming that the target cycle
time is around the delay of a 32-bit adder, the difference be-
tween the estimated latency and the synthesized latency goes
up to 160 cycles for fully unrolled SHA. We conclude that es-
timating HW (S) at the source level can be highly inaccurate,
which also explains the similarity between M (S) and M(.S)
results in Fig. 12.

Note that, although the custom instruction generated for DES
example is highly reusable and has a low area overhead, the
custom instructions generated for SHA have a high area over-
head and almost no reuse potential. As illustrated in [18], it is in
fact possible to find more area-efficient custom processor con-
figurations for SHA, which also offer a reasonably good perfor-
mance, by searching for smaller and more reusable subgraphs.
Ideally, a combination of these two approaches should be evalu-
ated to identify the most promising area and performance trade-
offs for custom instruction processors.

XII. CONCLUSION

This paper presented FISH, a novel approach for improving
the efficiency of automatically generated custom instruction
processors and the associated theoretical and practical results.
FISH introduces fast custom instruction synthesis methods
based on a novel subgraph enumeration algorithm and an in-
teger linear programming formulation. FISH evaluates maximal
convex subgraphs of source-level DFGs as custom instruction
candidates. The use of multiple different merit functions for
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ranking custom instruction candidates is enabled within a
design space exploration framework. The run-time results show
that the search space reduction techniques described in this
work result in the fastest enumeration algorithms among the
state-of-the-art maximal convex subgraph enumeration algo-
rithms, including those based on maximal clique enumeration.
In addition, FISH derives an upper bound on the number of
maximal convex subgraphs in a DFG and on the complexity of
enumeration that is tighter than the respective bound known for
maximal clique enumeration.

In most of the cases, enumeration is faster than ILP. How-
ever, in those cases where enumeration is relatively inefficient,
ILP provides a fast alternative. Our experiments show that in
most of the cases a simple merit function, which estimates only
the software costs of the subgraphs, can be as good as a more
complex merit function that also estimates the hardware exe-
cution latencies and the communication costs. In particular, in
large basic blocks, the two merit functions compute the same
subgraphs most of the time. We show that, for DES, combining
our subgraph generation and selection approach with a simple
postprocessing step results in a 30-fold speed-up with respect to
a single-issue base processor.

Current and future work includes: 1) developing better
estimators for critical path computation that take into account
arithmetic optimizations, word-length optimizations, target
hardware libraries, and wire delays; 2) exploring data-layout
and loop transformations and applying our techniques on
larger code segments beyond predicated basic blocks; and 3)
enhancing our tool chain to implement resource-constrained
scheduling algorithms for pipelining register file accesses [14],
[17]. Possible further extensions include supporting design de-
velopment with power and energy constraints [45], integrating
our design flow into synthesis tools for heterogeneous multi-
processor SoC devices [46], [47] and combining our algorithms
with fast synthesis techniques [48], [49] to enable dynamic
hardware/software partitioning and run-time reconfiguration.
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