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Abstract— Approximate computing has been an input-and-output relationship of circuit logic can be

widely utilized in logic circuit optimization field to
help achieve effective area compression and complex-
ity reduction. This paper proposes a novel method-
ology for approximate computing with focus on the
phase of decomposing large look-up tables (LUTSs) into
smaller individuals. By asserting reserved bits and
finding optimal solutions, the proposed methodology
is available to generate approximate LUTs under ac-
ceptable error tolerance rate. Experimental results
show the decomposition of the 4-bit/8-bit multiplier
logic and obtain 2-4 bit reduction within error rate of
5.4%-23.4% / 0-19.4%. The simplicity of the method-
ology and potential scalability point to several inter-
esting directions for future research.

I. INTRODUCTION

Along with the rapid spread of artificial intelligence, ap-
proximate computing is becoming one of promising com-
putation techniques which returns a possibly inaccurate
result rather than a guaranteed accurate result. Conven-
tionally, this kind of inaccurate computing is allowed for
software. However, as growing mobile and embedded de-
vices, the border of software and hardware implementa-
tion is no longer strict. A typical hardware implemen-
tation contains a logic synthesis, which is the process of
converting a high-level description of design into an op-
timized gate-level representation. Usually, the source of
logic synthesis information is hardware description lan-
guage in RTL, and target is to generate netlist of cir-
cuit. After decompositioning, floorplan, placement and
routing, the circuit can get mapping with designed logic
finally. In recent, a logic is implemented to employ re-
configurable hardware device like FPGA or SRAM-based
logic device [1] which owns programmable function to ap-
proach designed circuit logic.

On the other hand, through the functional simulation,

obtained. As seen in Fig. 1 (a), the input-and-output
relationship is regarded as a truth table of the given logic
function. Supposing that a memory is enough large to
store the truth table, the function can be realized one
memory unit. In practical reconfigurable hardware de-
vices, however, we must map the truth table to a set of
look-up tables (LUTs) which are wired to adjacent each
others as illulstrated in Fig. 1 (b). In general, the input
and output size of the given truth table is much larger
than the those of LUTSs of the device. Therefore, decom-
posing a larger LUT logic to smaller LUTs logic combina-
tions with remaining relatively low and acceptable error
rate is conducive to employ reconfigurable hardware de-
vice efficiently and reduce the difficulty of mapping larger
LUT logic.

In this paper, we provide a novel idea to generate a
set of smaller LUTSs whose logic function is the same as
a given truth table. An essential procedure of the gen-
eration is to decompose a LUT into smaller LUTs which
are connected in cascade style. A key idea is to combine
efficiently decomposition of a logic and dividing of input
by reserving input bits to the latter LUT in the cascade
connection. Furthermore, our idea of decomposition has
a significant extension, which can generate a set of LUTs
corresponding to an approximation logic function under
an acceptable error tolerance rate. The simplicity of the
methodology and potential scalability point to several in-
teresting directions for future research.

II. BACKGROUND

A. Approximate Computing

Approximate computing is defined as a computing tech-
nique to generate results with possible inaccuracy, by re-
laxing the exact equivalency requirements between pro-
vided specifications and generated results. Some manual
design techniques for approximate computing have been
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Fig. 1. Mapping to LUT's

proposed in recent years, mainly focus on approximate
logic synthesis (ALS) and optimized reconstruction of cir-
cuit structure. It has emerged as a new design paradigm
that exploits the error resilience of a wide range of appli-
cation domains by allowing hardware implementations to
forsake exact Boolean equivalence with algorithmic spec-
ifications.

B. Related Work

There have been a number of previous works focused
on the utilization of approximate computing in the Elec-
tronic Design Automation (EDA) field. One class of the
researchs mainly explores the structural characteristics
and the importance of their output bits of specific circuits,
and obtains performance improvements through manual
approximation, like [2] and [3].

Another class, the automation becomes necessary as
circuits have increasingly complex functionality. [4] pro-
poses a heuristic methodology based on the principle of
Karnaugh map optimization. [5] proposes a framework to
automatically synthesize approximate circuits for a given
error constraint. [6] proposes a method to synthesize ap-
proximate circuits using Boolean matrix factorization. In
addition, the use of emerging machine learning technolo-
gies is also worth noting, like reinforcement learning to
enhance ALS [7] [8] and deep learning in ALS optimiza-
tion [9)].

III. APPROXIMATE DECOMPOSITION FOR LUT

The LUT is a form of table that saves predefined infor-
mation in form of array-like entries that are easily accessi-
ble. In Boolean logic, an N-bit LUT can encode a N-input
Boolean function by storing the corresponding truth ta-
ble. In the case of N bits, the LUT has 2V rows, each
row corresponds to one possible bit pattern. The inputs
to the Boolean function drive the LUT to access the value
of the corresponding output stored in the array.

A. Definition of Question

A universal LUT optimization definition is given as fol-
lows: for a given LUT and its approximation LUT, the
Boolean logic of them are F' and F’. The functions of both
logics are represented as Y = F(X) and Y/ = F'(X) (We
label approximation relative variables by the apostrophe,
Iso in later). For the same input set X = {xo,z1,...,2,},
there are different output set Y = {yo,v1,...,yn} and
Y ={yl, v, -, y,} To evaluate the performance of ap-
proximation results, we define the correct rate R., which
is defined as follows:

Ci = {1 o (1)
yYi = Y;
Z?:l &
n

c =

(2)

For Boolean logic, an N-bit input Boolean truth ta-
ble can represented by an N-bit LUT completely. While
for a lot of actual Boolean logics, some different inputs
do not always map different output values but the same
ones, which generates repeated output values and pro-
vides the space of optimization. By counting the amount
of the same outputs individuals to understand their dis-
tribution, we can efficiently decompose LUT and gener-
ate approximation within an acceptable error tolerance
rate. To decompose LUT with large size effectively, we
utilize the methodology of block dividing: For each non-
repeat output value, we divide the inputs corresponding
to the same output value into the same group and count
the amount of output groups. Obviouly, for N-bit LUTs
with d non-repeat output values, d is definitely not bigger
than 2V, which reveals potential optimization space. An
the example shown in Fig. 2, a decomposed 4-bit LUT
are combined of two parts. The first part A = G(X)
works like an encoder, which encodes input X to inter-
mediate variables A. And the second part Y’ = H(A)
works like a decoder, decoding intermediate variables A
to Boolean output Y’. For the whole process, there is
Y'=F/(X)=H(G(X)).

B. Overall Decomposition VS Reserved Bit Decomposi-
tion

About how to decompose a LUT, we propose two dif-
ferent ways to compare: overall decomposition (OD) and
reserved bit decomposition (RBD). For more intuitive, a
4-bit LUT optimization comparison is showed in Fig. 3.
The original LUT is of 4-bit inputs and 4-bit outputs,
representing it simply as (4,4). In Fig. 3 (a), it has been
decomposed to two new LUTs, (4,3) and (3,4) respec-
tively. And in Fig. 3 (b), LUTs are of size (3,2) and (3,4).
And the input x3 is the reserved bit, which connects the
sub-LUT, Y’ = H(A).

An attempt of decomposing a 4-bit LUT are shown in
Fig. 3 to make a brief explanation. In Fig. 3(a) using
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the OD method, the condition for lossless decomposition
is that the amount of non-repeat individuals of the out-
put value set Y{ is not over the maximum possibilities
that the digits ag as can express, that is, 22 = 8. In
Fig. 3(b) using the RBD method, the condition for loss-
less decomposition is that for each value (0 or 1) of the
reserved bit x3, the number of non-repeat individuals of
output value set YJ is not over the maximum possibilities
that the digits ag a; can express 22 = 4. In Fig. 3(c),
the output bits of the first sub-LUT A = G(X) are fur-
ther reduced on the basis of 3(b). In actual situations,
this step will be executed if there is still rest optimiza-
tion space after the RBD is completed. If not, this step
will be skipped. Therefore, it is clear that: If an N-bit
LUT can be decomposed losslessly by RBD, it can also
be decomposeed losslessly by OD. On the contrary, if an
N-bit LUT can be decomposeed losslessly by OD, it may
not be able to be decomposed losslessly by RBD. Adding
reserved bit reduces rest optimization space. To classify
reserved bits does reduce the size of decomposed LUTSs,
while add restrictions to LUT decomposition.

In a short summary, if the result of OD is within the
error tolerance, then further try to use RBD. If the RBD
decomposition succeeds to obtain a feasible solution, fur-
ther attempt will be made to reduce the intermediate
transition output bits of the sub-LUT, so as to reduce
the number of terminals of the sub-LUT and reduce the
subsequent mapping cost.

C. LUT Decomposition Algorighm

Although it actually imports extra cost, the method of
decomposeing larger LUTs to smaller ones make it eas-
ier to use reconfigurable hardware device to approach de-
signed complex circuit logic. The decomposition cost can
be evaluated from two indicators: one is the total addi-
tional size increment of the decomposed LUTSs compared
to the original LUTSs, and another is R., the accuracy
of the output of the decomposed circuit compared to the

original LUTs. For the given and fixed LUTSs logic and its
decomposition, two factors are related to the size of the
extra cost. The amount of non-repeat output values d and
configuration of reserved bits. The two factors determine
how many bits transition input and output (ag — as) can
be reduced in the intermediate process of decomposition,
the size of the extra LUT size cost and the final accuracy
result, R..

In OD process, it is not difficult to calculate the R, from
counting the non-repeat output value individuals. Assum-
ing the output value set Y, having d different non-repeat
output values. For an N-bit LUT and 2V > d > 2V~ the
decomposition loss will be the (d — 2¥~1) groups which
owns the least entries. Thus, R, is available to be cal-
culated. For RBD, it is unavailable to obtain the R, of
the whole LUT due to the existing of reserved bits. Be-
cause it is possible that same output values in the same
divided group, while correspond unequal reserved bits val-
ues. Therefore, we propose a methodology of divide-and-
conquer, dividing the whole LUT into separate blocks and
count the total loss to calculate the R, of the whole LUT.
The process of dividing LUT according to reserved bits
has been shown in Fig. 4.

Another factor influencing dividing process and final
performance is the choice of reserved bits, because dif-
ferent bit patterns have different weight of influence on
internal logic. For an N-bit LUT, the choice space of k
reserved bit is C%;, and the total space {C} + ... + CV }.
To find optimal solutions, we use depth-first search in the
total space. The pseudo Algorithm. 1 is given to explain
the procedure.

Algorithm 1 Decompose LUT by chosen reserved bits
Input: Y: the output of N-bit LUT L, R..,: required
minimal correct rate
Output: RES: LUT decomposition result
1: RES = {}
2: for k in range(0, N — 1) do
3. space = Permutation(C%;) /* Search space: the
permutation of reserved bit selection */
4:  length = len(space) /* the length of search space
*

5. for i in range(0,length) do

6: res; = Decompose(Y, space[i]) /* Decompose
LUT L by selected reserved bits */

7: R. = CalculateLoss(res;) /* Calculate the cor-
rect rate R. */

8: if R. > R.y, then

9: RES.append(res;)

10: end if

11:  end for

12: end for

13: return RES

- 139 -



Yo Y1 V2 V3 Yo Y1 V2 V3 Yo Y1 Y2 V3
Y =H(A) Y = H(A) Y = H(A)
Qo |41 |Q2 E> Qo | a4 E:> Qo
A=GX) A=G(X) A =G(X)
Xo X1 X2 X3 Xg X1 X3 X3 Xg X1 X3 X3
(a) Overall decomposition (b) Reversed bit (c) Lower Complexity RBD
(OD) decomposition(RBD)
Fig. 3. Progressive LUT decompositions
: : 0 : : Group 1 ] TABLE I
i 0 Eli :Group2 4-BIT/8BIT MULTIPLIER LOGIC DECOMPOSITION
0 : ......... : ......... : 1 Group3 - -
: 2 s S CaseMethod| LUT Size [Reserved Bit/Correct/Total
1] peee 1 N
P g I OD (8,6)+(6,8) N/A 215/256
" b S : | ¥
X E E - E e : 2k groups of L bit (7,6)+(7,8) T3 242/256
10 e ' non-repeat values UL RBD (6,5)+(7,8) T3, 27 229/256
I I I |
1 Gl | (5,4)+(7.8) Ta, T3, T7 196,/256
F o Lo | Group 2% —1 | (4,3)+(78) |z1,22, 23,27 183/256
: H e S
! | ! |r Group 2 ) + ’ 55
1 E i OD (16,14 14,16 N/A 63288/65536
e . ' , it (15,14)+(15,16) Ty 65536,/65536
T - -D1
k reserved bits N — k bits ULl RBD (15,13)+(14,16) X7 52784/65536
Fig. 4. LUT decomposition process with reserved bits (14’12)+(14’16) *7, *15 48711/65536
(13,12)—}—(15,16) X6, L7, T15 57611/65536

IV. EXPERIMENTS

In this section, we test the LUT decomposition method-
ology on cases of basic arithmetic multiplier logic, using
an 4-bit multiplier logic and a 8-bit multiplier logic re-
spectively. For the 4-bit multiplier logic, the input part
consists of two parts i1 = xoxr1x023&is = T4T5T6TT, €ACh
part as two 4-bit binary numbers. And the output iy x5 is
an 8-bit binary number. The 8-bit multiplier logic is sim-
ilar and includes two 8-bit input and one 16-bit output.
The error rate limitation is set as 30% and the results
beyond it will be droped. The operation result of the
LUT decomposition methodology under 4-bit and 8-bit
multiplier logic are shown in Tab. 1.

The LUT decomposition methodology optimizes the
two indexes under the error rate tolerance: the amount
and selection of reserved bits, and the another is the max-
imum decomposition accuracy of the remaining part, the
sub-LUT. The benefits and additional costs under each
approximate solution are also shown in Tab. II. Experi-
mental results show the decomposition of the 4-bit/8-bit

multiplier logic and obtain 2-4 bit reduction within error
rate of 5.4%-23.4% / 0-19.4%.

Operation time: 4-bit 2.271 s, 8-bit about 44min. Oper-
ated under the hardware environment of Intel i7-6700HQ
and 16GB RAM.

V. CONCLUSION

We have introduced a divide-and-conquer methodology
focusing how decompose a large truth table into smaller
LUTs and combine them to the approximation of origi-
nal truth table. The experiments of universal multiplier
logic have been conducted and the result shows that it
is available to generate approximate truth tables under
an acceptable error tolerance by reasonable selection of
reserved bits and decomposition accuracy. This reduces
the difficulty of mapping large-scale LUT logic to finite
input/output programmable logic circuits effectively.

As the data results shown in Section IV, there are multi-
ple approximate LUT decomposing solutions for the same
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TABLE II
DECOMPOSITION PERFORMANCE SUMMARY

Casel  LUT Size MethodTOtal Bit [Correct|Additional
ReductionRate [Size Cost
(8,6)+(6,8) OD 2 0.840 25%
L bit (7,6)+(7,8) 2 0.946 50%
MU (6,5)+(7,8) RBD 3 0.895 25%
(5,4)+(7,8) 4 0.766 | 12.5%
(4,3)+(7,8) 5 0.715 | 6.25%
(16,14)+(14,16)] OD 2 0.966 | 100%
o bit (15,14)4(15,16) 2 1.0 50%
U (13,12)+(15,16) REBD 4 0.879 | 12.5%
(15,13)+(14,16) 3 0.806 50%
(14,12)4(14,16) 4 0.744 25%

single LUT complexity reduction, and corresponding to
different error rate and additional cost of LUT scale se-
lection. On the other hand, because of the limitation of
decomposition and exhaustive search in computational ef-
ficiency, when facing large scale LUTs. This will also be
one of our future directions of exploring the way to search
optimal decomposition solutions of larger size truth tables
more efficiently.
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