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In conventional stochastic computation, all the input streams are Bernoulli sequences (BSs), which may result in large random
error. To reduce random error and improve computational accuracy, some other sequences have been reported as alternatives to
BSs. However, these sequences only apply to the specific stochastic circuits, have difficulties in hardware generation, or have length
constraints. To this end, new sequences without these disadvantages should be considered. This paper proposes the random error
analysis method for stochastic computation based on autocorrelation sequence (AS), which is more general than the conventional
one based on BS. The analysis results show that we can use the proper ASs as input streams of stochastic circuits to reduce
random error. On the basis of that conclusion, we propose the random error reduction scheme based on maximal concentrated
autocorrelation sequence (MCAS) and BS, both of which are ASs. MCAS and BS are applicable to any combinational stochastic
circuit, are easily generated by hardware, and have no length constraints, which avoid the disadvantages of sequences in the previous
work. Moreover, we apply the proposed random error reduction scheme into several typical stochastic circuits as case studies. The
simulation results confirm the effectiveness of the proposed scheme.

1. Introduction

Stochastic computation, first introduced in 1960s [1], has
been widely used in many fields: neural network [2, 3],
digital image processing [4-7], channel decoding [8-10],
MIMO detection [11, 12], reliability evaluation [13], and so
on. The main idea of stochastic computation is to represent
continuous values with stochastic bit streams, which makes
it possible to perform complex arithmetic computations with
simple bitwise operations. One obvious advantage of stochas-
tic computation is that the hardware implementation of the
stochastic arithmetic is much simpler than the traditional
arithmetic. For example, as shown in Figure 1, multiplication
and scaling addition can be performed with an AND gate and
a multiplexer, respectively. The simplicity of hardware also
brings short critical path and high clock rate. Moreover, all the
bits in a stochastic bit stream have the same significance. That
means the stochastic arithmetic is unary coding arithmetic
which has better fault tolerance than the traditional binary
arithmetic. Recently, skew tolerance has also been introduced
as another inherent advantage of stochastic computation.

Despite the above advantages, a disadvantage of stochas-
tic computation is that the random fluctuations of stochastic
bit streams introduce the random error, which causes the
computation result to be a random variable. In [4], it is
suggested that, in most cases, the random error will dominate
the other errors such as quantization error and approximate
error. Thus, the random error should be carefully investigated
and addressed in stochastic computation area.

Thus far, many statistical models for random error anal-
ysis have been proposed. They are all based on variance
evaluations. In the early work, it is assumed that all the input
streams of stochastic circuits are BSs. Qian et al. [4] propose
the variance evaluation model base on BSs. However, in real
application, the random error for stochastic arithmetic based
on BSs is often too large. Therefore, people have made effects
to reduce random error by using other sequences as input
streams of stochastic circuits.

Braendler et al. [3] employ two deterministic bit streams
(DBSs) as input streams for the stochastic circuit AND gate.
The output stream is also deterministic, which means there
are no random fluctuations. Although it eliminates random
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FIGURE 1: Stochastic circuit of arithmetic. (a) Multiplication; (b) scaling addition.

fluctuations and improves computational accuracy, the use
of these DBSs is narrowly restricted to the single AND gate.
They can not apply to more complex stochastic circuits.

Alaghi and Hayes [14] propose a general framework for
analyzing stochastic circuits with correlated inputs. They
demonstrate that using correlated inputs can significantly
reduce the random error for some stochastic circuits. How-
ever, the use of correlated inputs has its limitation. For
example, as illustrated in [15], if the two input streams applied
to an AND gate are correlated, say, each has the same bit-
pattern of value x, then the output will also have value
x instead of x*. Hence, the AND gate will not perform
multiplication if its inputs are correlated. Similarly, many
other commonly used stochastic computational elements
can not perform the expected arithmetic with correlated
inputs, which largely restricts their applications in stochastic
computation systems.

Han et al. [13] use fixed-ones random-permutation
sequences (FRSs) as input streams for stochastic circuits.
They present the variance evaluation model for the basic
stochastic computational elements, including AND gate and
invert. Furthermore, they prove that the use of FRSs as input
streams reduces random error for stochastic computation
compared to the conventional use of BSs. FRSs can be
wildly used in stochastic arithmetic. They apply to any
combinational stochastic circuit. In [13], FRSs are generated
by software and used as input streams of the stochastic circuit
for reliability evaluation. However, the low cost hardware
generation of FRS is difficult to implement. Thus, FRSs are not
suitable for stochastic circuits with input streams generated
by hardware.

Najafi et al. [16] use pulse-width modulation (PWM) to
time-encode values for more efficient stochastic computing.
They represent values by periodic PWM signals. If two PWM
signals are not harmonically related, stochastic multiplication
of numbers represented by them obtains the best accuracy
when running the operation for the least common multiple
(LCM) or multiples of the LCM of the period of the inputs.
For instance, X = 3/5 is represented by a PWM signal with
period of 5, namely, 1,1,0,0,0, and Y = 1/3 is represented
by a PWM signal with period of 3, namely, 1,0, 0. The LCM
of the period of X and Y is 15. Thus, when multiplying X and
Y with an AND gate, let both of the two bit streams run for
15 clock cycles; that is, X = 1,1,0,0,0,1,1,0,0,0,1,1,0,0,0,
andY =1,0,0,1,0,0,1,0,0,1,0,0, 1,0, 0. Taking the bitwise
AND of X and Y, the output stream is Z = 1,0,0,0,0,0,

1,0,0,0,0,0,0,0,0, which represents 2/15 = 2/5x 1/3. How-
ever, if the operation runs for only 10 clocks, thatis, X =1, 1,
0,0,0,1,1,0,0,0, and Y = 1,0,0,1,0,0,1,0,0, 1, the output
stream is Z = 1,0,0,0,0,0,1,0,0,0, which represents 2/10,
not the expected value. Similarly, some other stochastic
arithmetic, using PWM signals as input streams, can get the
expected results only if the operations run for the required
time. Hence, we can see that there are length constrains on
stochastic computation based on PWM signals. The length of
input streams is not flexible but determined by the period of
input streams.

From above, we can see that the main issues of stochastic
arithmetic based on different input streams are as follows:

(i) BSs: large random error;

(ii) DBSs or correlated inputs: only applicable for the
specific stochastic circuits;

(iii) FRSs: difficulties in hardware generation;

(iv) PWM signals: length constraints.

To avoid these disadvantages, we need to use other proper
sequences as input streams. Considering the autocorrelation
between different bits of a sequence, we propose the notion
of AS. And then we analyze the random error of stochastic
arithmetic on the assumption that input streams are ASs. By
definition, BS can be seen as a special AS with equivalent
autocorrelation coefficients. Thus, the proposed random
error analysis method based on AS is more general than the
conventional one based on BS.

According to our analysis results, if proper ASs are
used as input streams, the random error can be reduced.
Based on that conclusion, we investigate how to reduce
random error for any combinational stochastic circuit by
employing MCASs and BSs, both of which are ASs, as input
streams. Then, We adopt several typical stochastic circuits as
case studies and find that the use of MCASs and BSs can
significantly improve the calculation performance. MCAS
has no difficulties in hardware generation and the hardware
cost of the MCAS generator is merely the same as that of the
conventional BS generator. Moreover, from the simulation
results, the random error reduction scheme based on MCAS
and BS is valid for any input stream length and has no
length constraints. Hence, by using MCASs and BSs as input
streams, we avoid the disadvantages in the previous work and
achieve the following goals:
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(i) Random error reduction: the random error is reduced
compared to using only BSs as input streams;

(ii) Wide applications: the random error reduction
scheme based on MCAS and BS is applicable to any
combinational stochastic circuit;

(iii) Easy hardware generation: the MCAS and BS genera-
tor are easily implemented by hardware;

(iv) Flexible length: the MCAS and BS have no length
constraints.

Parts of this paper are based on our prior work enti-
tled “Random Error Analysis and Reduction for Stochastic
Computation Based on Autocorrelation Sequence,” which
has been presented at the IEEE International Symposium on
Circuits and Systems (ISCAS), 2014. In the conference paper,
we briefly present a general random error analysis method for
stochastic computation and illustrate how to reduce random
error for a typical stochastic circuit. Compared with the
conference version, this journal manuscript has more new
contents updated and more insightful discussion, which are
stated as follows:

(i) Detailed illustration of the general random error
analysis method is provided.

(ii) The random error reduction scheme for any combi-
nation stochastic circuit is proposed.

(iii) The complete mathematical proof for the effectiveness
of the proposed random error reduction scheme is
given.

(iv) More typical stochastic circuits are presented as case
studies.

The rest of the paper is structured as follows: Section 2
analyzes the random error based on AS. Section 3 illustrates
the random error reduction scheme based on MCAS and BS
for any combinational stochastic circuit. Section 4 presents
several typical case studies. Section 5 gives simulation results.
Finally, we give conclusions and future directions of research.

2. Random Error Analysis Method

2.1. Expectation and Variance. In stochastic computation, a
stochastic bit stream X with length of n can be written as

X=[X(1),X(Q2),....X ()],

(1)
X(@)ef{0,1}, i=1,2,...,n

The expectation of X is defined by

Ey = E<1ZX (i)) = 2 EX @), )
nia n4

and the variance of X is defined by

¢ 1 n
Vary = Var (Zi_zlx (i)) = —Var (;X (i)>. 3)

Consider an arithmetic operation F with k normalized
input numbers x,, x,,...,x; and a result z, which can be
expressed by z = F(x;, x,,...,x;). In the stochastic imple-
menting of F, each input number x,, 1 < r < k, is represented
by the corresponding stochastic bit stream, denoted by X,,
where Ey = x,. We employ these stochastic bit streams
as input streams of stochastic circuit. Then, the stochastic
computational result, denoted by Z', can be obtained from the
output stream Z as follows:

2 =1y7a). (4)
nia

There are two important statistics for stochastic arith-
metic. The first one is the expectation of output stream. Since
z' should be an unbiased estimator of the actual result z, we
have

E(z’)=z=F(x1,x2,...,xk). (5)
From (2) and (4), (5) can be rewritten as E, = z =
F(x,,%,,...,x;). Thus, the expectation of output stream
indicates the arithmetic operation performed by stochastic
circuit.

Another important statistic is the variance of output
stream. Considering that z' is an unbiased estimator of the
actual result z, random error can be calculated in the form of
mean square error (MSE) as

MSE = E((z' - z)2> =E ((z' - E(z'))z)
= Var(z').

By (3) and (6), MSE = Var,. Therefore, the random error for
stochastic computation can be measured by the variance of
output stream.

2.2. Autocorrelation Sequence. For a bit stream X with length
of n, the correlation between two different bits can be
measured by autocorrelation coefficient, which is defined by
R = E(X()X(j)), 1 <i < j < n. For example, if X is a BS,
its autocorrelation coefficients are Ri)j( =(Ex)h1<i<j<n
that is, all the autocorrelation coefficients of BS are equivalent
to the square of its expectation.

In the practical applications, input streams may have
a variety of autocorrelation coeflicients. Considering that,
we propose AS, whose autocorrelation coefficients are not
necessarily equivalent to each other.

Definition 1. A bit stream X, which represents the probability
x, is called an AS on the following condition: Ey = x.

From Definition 1, AS is more general compared to BS and
BS can be seen as special case of AS whose autocorrelation
coeflicients are equivalent to the square of its expectation.

2.3. Random Error Analysis Based on AS. For clarity, we
define the following notations: let BI denote the case that



all the input streams are BSs; let AI denote the case that all
the input streams are ASs; let E(BI) denote the expectation
of output stream Z in the case of BI; let E(AI) denote the
expectation of output stream Z in the case of AI; let Var(BI)
denote the variance of output stream Z in the case of BI; let
Var(AI) denote the variance of output stream Z in the case of
AL

For any stochastic circuit, we expect that the arithmetic
computed in the case of Al is the same as that in the case of BI.
As illustrated in Section 2.1, the expectation of output stream
indicates the arithmetic operation performed by stochastic
circuit. Hence, the expectations of output stream should be
equivalent to each other in the two cases and we have

E(AI) = E(BI). (7)

Equation (7) is the essential condition for the random error
analysis in the case of AL. On the premise of (7), the random
error base on AS can be measured by the variance of the
output stream Z as follows:

Var (Al) = —Var (ZZ (1))

i=1

_ %zz (E(Z®)Z()) - EZ ) E(Z())))

) ®)
+ %Z’Var (Z (@)

ZZE (zG)Z (j

_lp (BI) — E* (BI) +
n i=1 j#i

Example 2. As shown in Figure 1, two stochastic bit streams
X, and X, are employed as the input streams for an AND
gate. When X, and X, are BSs, E(X,(i)) = Ex, E(X,@) =
EXz’ i =1,2,3,...,n The expectation of output streams can
be calculated as

E(BI) =

ZE (X, () X, (i) = ZEXIEXZ

)
= Ey Ex,.

Now, consider that the input streams X; and X, are ASs with
the following properties: E(X,(i)) = Ex, or E(X,(i)) = Ex,,
i =1,2,3,...,n Without losing generality, we suppose that
E(X,(i)) = Ex . The expectation of output stream can be
calculated as
E(AI) =

ZE (X, () X, (i) = EX ZE(X O)

(10)
= Ey Ex,.

By (9) and (10), (7) is satisfied. Thus, the random error can be
calculated by (8) as follows:

- By EX +—ZZRX1RX2 an

i=1j#i

1
Var (Al) = —Ex Ex -
n 1
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Hence, the variance of output stream in the case of Al is deter-
mined by the expectations and autocorrelation coefficients of
input streams.

2.4. AI Affection Evaluation. In order to evaluate how much
AT affects the random error, we propose differential variance,
denoted by DV, where DV = Var(AI) — Var(BI). As suggested
in [4], the variance of output stream in the case of BI can be
calculated by

Var (BI) = M. (12)

Then we have the following theorem.
Theorem 3. The range of DV is as follows:

E*(BI) -
n

EBD  py < ”;nl (E(BI) - E*(BD)). (13)

Proof. See our prior work [17]. O

According to Theorem 3, the upper bound of DV is
nonnegative and the lower bound of DV is nonpositive. Thus,
DV can be positive, which indicates that the improper use of
AS will result in the increase of random error. On the other
hand, DV can be negative, which indicates that the proper
use of AS will reduce random error. Therefore, we get the
following conclusions.

(i) Since the random error in the case of Al can be less
than that in the case of BI, the random error reduction
scheme based on AS is feasible.

(ii) Since the random error in the case of Al can be greater
than that in the case of BI, it is important to select
proper AS to avoid this situation.

3. Random Error Reduction Scheme

In the last section, we find that the proper use of AS is able
to reduce the random error for stochastic computation. On
the basis of that conclusion, we will discuss how to employ
ASs as input streams for the combinational stochastic circuit
to reduce the random error.

3.1. Combinational Stochastic Circuit. For any combinational
stochastic circuit, the relationship between input streams and
output stream can be expressed by

Z(@) = Y Ay Xy 0" X, ()2 X (),

14
11,1, (14)

where Al is a constant integer and [, € {0,1}, 1 < r < k.
For convenience of illustration, we denote I, ; by the subscnpt
L1 The formulatlonAlLle(z) Xz(z)lz- Xk(z)l",where
Ay, # 0, is called a product term and denoted by l’lil,k. Then,
(14) can be rewritten as Z(i) = le,kesp Plil,k’ where S, = {I;; :
Ay, # 0}. For the product term P;Lk, ifl, =1, X, is called a
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factor of P;l .- Let M(r) denote the set of subscripts of product
terms that have X, as a factor; that is, M(r) = {I,; : I, =

7

L, I € S,}. Similarly, let N(/; ) denote the set of subscripts
of input streams that are factors of I)Zilk; thatis, N(I, ;) = {r :
I,=1, 1<r<k}

Definition 4. An input stream X, is called a positive input
stream (PIS), if it satisfies

Xy eme B,
X, (i)
VXL G), Xy () e s Xy (05 Xy () X ()

The set of subscripts of PISs in stochastic circuit is denoted by
S

>

(15)

pis*

Example 5. Consider the stochastic circuit with Boolean
function as follows: Z(i) = X, (i) A X, (i) V X;5(i), and we have

Z (i) = X, () X, () (1 - X5 (1) + X, () X, (1) X5 (i)
+ X, (1) (1= X, (1) X5 ()
+ (1= X, (1) X, () X; (i)
+ (1= X, 0) (1= X, () X5 (),
which can be rewritten in the form of (14) as

ZOH =X, OX, O+ X;(O) - X, O X, () X;(). (17

(16)

There are three product terms and Z(i) = P}, + Py, —Pl,,. X,
is a factor of P}, and P}, X, is a factor of P}, and P} ,, and
X, is a factor ofPé01 and Pfll. Therefore, M(1) = {110, 111},
M(2) = {110,111}, and M(3) = {001, 111}. Meanwhile, P! ,
has X, and X, as factors, P}y, has X; as a factor, and P} | has
X, X,, and Xj; as factors. Hence, N(110) = {1,2}, N(001) =
{3}, and N(111) = {1,2,3}.

In order to see whether X is a PIS, by (17), we have

i
szeM(l) sz

X, (i) =X, (i) = X, (i) X5 (i)

0, X,(i)=0, X5(3i) =0,
(18)

1, X,()=1, X;31) =0,
0, X,()=0, X;() =1,
0, X,()=1, X;() =1
VX, X500), (X em P;'m)/xl(i) > 0. Thus, (15) is

satisfied, and X, is a PIS. Similarly, X, and X; are also PISs.
Spis for the stochastic circuit in Example 5 is {1, 2, 3}.

3.2. Mathematical Model Based on MCAS and BS
Definition 6. If a bit stream X has the following properties:

1) 1 < i < nEX)
X i) = (19)
0, else,

where # is the length of X, it is called an MCAS.

For instance, an MCAS with n = 8 and Ex = 3/8 is as
follows: 1,1, 1,0, 0, 0, 0, 0.

Consider the combinational stochastic circuit with the
k input streams X, X,,..., X} and an output stream Z. In
order to indicate the sequence type for each input stream, we
introduce the state vector V = (V;,V,, ..., V), where

MCAS, if X, is an MCAS,
V, = (20)
BS, if X, is a BS.

There are totally 2% possible states for V. For instance, ifk = 2,
the four possible states are follows: (MCAS, MCAS), (MCAS,
BS), (BS, BS), and (BS, MCAS). The expectation and variance
of output stream Z, when state vector is V, are denoted by
E(V) and Var(V), respectively.

As discussed in Section 2.3, in order to guarantee that the
arithmetic computed by the combinational stochastic circuit,
when state vector is V, is the same as that in the case of BI, V
should satisfy

E(V) = E(BI). 1)
On the premise of (21), if the state vector V satisfies
Var (V) < Var (BI), (22)

then the random error is not greater than that in the case of
BI. Thus, the state vector V satistying (21) and (22) represents
a random error reduction scheme for the combinational
stochastic circuit.

In order to describe the properties of state vector V,
we define the following notations. Let S,, denote the set of
subscripts of input streams that are MCASs; that is, S, =
{r : V. = MCAS}. Let §;  denote the set of subscripts of
input streams that are MCASs and factors of Plilk; that is,
S, = {r: V., =MCAS, r e N(l )} LetS,, denote the set of
subscripts of product terms, of which at least one factor is an
MCAS; thatis, S, = {I; : N(l; NS, # 0, I € S} LetS,,
denote the set of subscripts of product terms whose factors
are all BSs; thatis, Sy, = {lx : N ) NS, = 0, I € S,}.
For instance, in Example 5, assuming that the state vector
V = (MCAS,BS, BS), then S, = {1}, S;30 = {1}, Spo1 = 0,
S =11} Spm = {110,111}, and Spp = {001}. We also denote
by |S| the cardinal of the set S. Using the above notations, we
have the following lemmas and theorems.

Lemma 7. For any combinational stochastic circuit, if the state
vector V satisfies

1S, <L Ve, (23)

then one has that E(V) = E(BI).

Proof. See Appendix A. O
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FIGURE 2: Hardware structure of the input stream generators: (a) MCAS generator; (b) BS generator.

Lemma 8. Two input streams X, and X,, which are both
MCASs, have the following properties:

n

YD E(X () =n(n-1)Ey, (24)
i=1j#i
YYE(X,(j)) =n(n-1)Ex, (25)
i=1j#i

YYE(X,()E(X,(j)) Sn(n-1)ExEx.  (26)

i=1 j#i
Proof. See Appendix B. O

Theorem 9. For any combinational stochastic circuit, if the
state vector V satisfies

IS,| = 1, (27)
then one has E(V) = E(BI), and Var(V) < Var(BI).

Proof. See Appendix C. Lemmas 7 and 8 will be used in the
proof. O

Theorem 10. For any combinational stochastic circuit, if the
state vector V satisfies

Sm < Spis’ (28)
|| <1, VI, es, (29)
then one has E(V) = E(BI), and Var(V) < Var(BI).

Proof. See Appendix D. Lemmas 7 and 8 will be used in the
proof. O

Theorems 9 and 10 give two different sufficient conditions
for the state vector satisfying (21) and (22), respectively. On
the basis of the two theorems, we will propose the random
error reduction scheme for any combinational stochastic
circuit in the next subsection.

3.3. Random Error Reduction Scheme Based on MCAS and BS.
In this subsection, we illustrate how to get the state vector V
which represents the random error reduction scheme based
on MCAS and BS for any combinational stochastic circuit.
Specific steps are stated in Algorithm 1.

Now, we prove that the state vector V obtained from
Algorithm 1 satisfies (21) and (22). Consider the following

two cases: (I) Spis is a null set; (IT) otherwise. In case (I), the
valid steps are (1), (2), (3), and (5). From criterion (a) in step
(3), (27) is satisfied. According to Theorem 9, the state vector
V obtained from these steps satisfies (21) and (22). In case
(II), the valid steps are (1), (2), (4), and (5). From criterion
(a) and (b) in step (4), (28) and (29) are satisfied. According
to Theorem 10, the state vector V obtained from these steps
also satisfies (21) and (22). Therefore, in both cases, the state
vector V obtained from the corresponding steps satisfies (21)
and (22).

3.4. Hardware Cost and Power Consumption. In conventional
stochastic computation, the input streams for stochastic
circuits are all BSs. However, in the proposed random
error reduction scheme, some input streams are specified as
MCASs. Different input streams are generated by different
generators. The hardware structures of the MCAS generator
and the BS generator are shown in Figure 2. The MCAS gener-
ator consists of an n-bit comparator and an »-bit upcounter,
while the BS generator consists of an #n-bit comparator and
an n-bit Liner Feedback Shift Register (LFSR), where 2" is
the length of the input stream to be generated. In stochastic
computation system, all the MCAS generators can share the
same n-bit upcounter. By contrast, each BS generator requires
a different n-bit LFSR. Thus, the total hardware cost of MCAS
generators is usually lower than that of BS generators. That is
to say, the proposed random error reduction scheme does not
require any additional hardware cost.

Moreover, due to a lower switching activity, MCAS
generator will have less dynamic power consumption than
BS generator, which is another inherent advantage of our
random error reduction scheme.

4. Case Study

For better understanding of the random error reduction
scheme based on MCAS and BS, we take several typical
stochastic circuits as case studies. We assume that all the input
streams are uncorrelated.

4.1. Case Study I: AND Gate. In this case study, we illustrate
how to get the random error reduction scheme when S, is
not a null set. An AND gate in stochastic logic implements
a binary operator multiplication as z = x,x,. We obtain the
state vector V satistying (21) and (22) from the steps given in
Algorithm 1.

(1) The relationship between input streams and output
stream can be written as Z(i) = X, (i) X, (7).
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(2) Obtain S
3)IfS

oise 1 Spis

pis

go to step (5).
(4)IfS

pis

Then, we go to step (5).

Requrie: The combinational stochastic circuit implementing arithmetic;

Ensure: The state vector V representing the random error reduction scheme;

(1) Express the relationship between input streams and output stream in the form of (14).

is a null set, go to step (3), otherwise, skip step (3) and go to step (4).

is a null set, we determine which input streams are specified as MCASs and obtain

S, by the following criteria: (a) Eq. (27) should be satisfied, i.e., only one input stream is
specified as MCAS; (b) on the premise of (a), let |Spm| be maximal. Then, we skip step (4) and

is not a null set, we determine which input streams are specified as MCASs and

obtain S,, by the following criteria: (a) Eq. (28) should be satisfied, i.e., only PISs are likely

to be specified as MCASs; (b) Eq. (29) should be satisfied, i.e., for each product term, at most
one factor is specified as MCAS; (c) on the premise of (a) and (b), let ISPm| be maximal.

(5) The input streams not belonging to S,,, are specified as BSs. From above, we determine
each input stream should be specified as MCAS or BS and obtain the state vector V.

ALGORITHM 1: Random error reduction scheme based on MCAS and BS.

TaBLE 1: Candidates information in case study 1.

S

S Valid

Spm |SPm|

{1}
{2}
{1,2}

{1} Yes
{2} Yes
{1> 2} No

{11} 1
{11} 1
Not concerned Not concerned

(2) VX, () (X enmay B )/X0 ()

(3) Since S

X,(@) = 0, and,
VX, (), (X enay B/ X2(0) = X,(i) > 0. Thus, by
Definition 4, X, and X, are PISs, and S,;; = {1,2}.
?Ailr)lce Spis is not a null set, skip step (3) and go to step

pis 18 not a null set, this step is skipped.

(4) Since X, and X, are PISs, by criterion (a), both of

them are likely to be specified as MCASs. Hence, as
shown in the first column of Table 1, S,, is chosen
from the following candidates: {1}, {2}, and {1, 2}. For
each candidate of S,,, we get all the corresponding §; |
and see whether criterion (b) is satisfied. If it is, the
candidate is valid. For example, if S,, = {1}, §;; = {1}.
Moreover, there is only one product term P}, and
S, = {11}. Then, VI, € Sp> |Sll,2| < 1, which is
equivalent to (29). Criterion (b) is satisfied and the set
{1} is a valid candidate. Similarly, the set {2} is also a
valid candidate. However, if S,, = {1,2}, S;; = {1,2},
which is opposed to (29). Thus, criterion (b) is not
satisfied and the set {1, 2} is not a valid candidate. For
each valid candidate, we get the corresponding [S,,,,|.
As shown in the last column of Table 1, when S,,, = {1}
or {2}, |Spm| is maximal, and criterion (c) is satisfied.
From above, the set S, satisfying all the criteria in step
(4) can be written as S,,, = {1} or {2}. Without loss
of generality, we set S,, = {1}, and X is specified as
an MCAS. Then, go to step (5).

(5) X, is specified as a BS. Thus, the state vector V =

(MCAS, BS).

4.2. Case Study 2: XOR Gate. In this case study, we illustrate
how to get random error reduction scheme when S is a
null set. An XOR gate in stochastic logic implements the
arithmetic as follows: z = x; + x, — 2x,x,. We obtain the
state vector V satisfying (21) and (22) from the steps given in
Algorithm 1.

(1) The relationship between input streams and output
stream can be written in the form of (14) as Z(i) =
X, (1) + X, (1) = 2X, (1) X, (d).

Q) If X,3G) = 1, (zlueM(l)pfu)/Xl(i) = -1, and if

X0 = L (3, ema Pl"lyz)/Xz(i) = —1. Thus, by
Definition 4, X, and X, are not PISs, and S,;; is a null
set. Then, go to step (3).

(3) By criterion (a), only one of X, and X, can be
specified as an MCAS. Hence, as shown in the first
column of Table 2, S,, is chosen from the following
candidates: {1} and {2}. For each candidate, we get
the corresponding [S,,,|. As shown in the last column
of Table 2, when S, = {1} or {2}, |S,,,| is maximal,
and criterion (b) is satisfied. From above, the set S,),
satisfying all the criteria in step (4) can be written as
S, = 11} or {2}. Without loss of generality, we set
S, = {1}, and X, is specified as an MCAS. Then, skip
step (4) and go to step (5).

(4) Since Sy is a null set, this step is skipped.

(5) X, is specified as a BS. Thus, the state vector V =
(MCAS, BS).
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TaBLE 2: Candidates information in case study 2.
Sm SlO SOI Sll Spm |Spm|
{1} {1} Null {1} {10,11} 2
{2} Null {2} {2} {01,11} 2
TaBLE 3: Candidates information in case study 3.

Sm SIOOOO SlOOlO SIOOOI SlOOll SOlOlO 801001 SOlOll SOOlll Vahd |Spm|
{1} {1} {1} {1} {1} Null Null Null Null Yes 4
{2} Null Null Null Null {2} {2} {2} Null Yes 3
{3} Null Null Null Null Null Null Null {3} Yes 1
{2,3} Null Null Null Null {2} {2} {2} {3} Yes 4
{1,2} {1} {1} {1} {1} {2} {2} {2} Null Yes 7
{1,3} {1} {1} {1} {1} Null Null Null {3} Yes 5
{1,2,3} {1} {1} {1} {1} {2} {2} {2} {3} Yes 8
4.3. Case Study 3: Stochastic Logic Implementing Bernstein

Polynomial. In this case study, we illustrate how to get the

random error reduction scheme for the stochastic logic

implementing Bernstein polynomial with coefficients in the

unit interval. A Bernstein polynomial of degree k, denoted

by By(x), is defined by By(x) = Yir b (¥)x'(1 - %)

where each b, is a constant coefficient. In [4], Qian et al.

propose the stochastic circuit for the Bernstein polynomial

with coefficients in the unit interval, which is shown in X

Figure 3. For a Bernstein polynomial of degree k, there are X,

2k + 1 %nput streams: X, X,,..., X, with the following MUX z

propertles- Ex =by,Ex =b,....Ex =b,and Ey =

Ex., == Ex, = x For 31mp11c1ty, we will take the Xper1

Bernstein polynomlal of degree 2 as an example, where

Z (i) =X, () (1 - X4 () (1 - X5 (1))
+ X, () X, (i) (1 - X5 (7))

+ X, (1) (1= X, (1) X5 ()

+ X5 (1) X, (1) X5 (@) .

We obtain the state vector V satisfying (21) and (22) from the
steps given in Algorithm 1.

(1) The relationship between input streams and output
stream can be rewritten in the form of (14) as

Z (i) = X, () = X, (1) X4 (1) - X, (1) X5 ()
+ X, (1) Xy () X5 () + X, (1) X4 (4)
+ X, (1) X5 (1) = 2X, () X, (1) X5 (3)
+ X5 (1) X4 (1) X5 (i) -
(2) VX0, X0, X, 0 X50)r (5 enrer BL)IX10) =
1 - X,() - X5() + X,()Xs(G) > 0. Thus, by
Definition 4, X, is a PIS. Similarly, X, and X; are also

PISs, and S;; = {1,2,3}. Since S; is not a null set,
skip step (3) and go to step (4).

FIGURE 3: Stochastic logic implementing Bernstein polynomial.

(3) Since S, is not a null set, this step is skipped.

(4) Since X, X,, and X; are PISs, by criterion (a), all of
them are likely to be specified as MCASs. Hence, as
shown in the first column of Table 3, S,, is chosen
from the following candidates: {1}, {2}, {3}, {1,2},
{1,3}, {2,3}, and {1, 2, 3}. For each candidate of S,,,
we get all the corresponding §; = and see whether
criterion (b) is satisfied. If it is, the candidate is
valid. For example, if S,, = {1}, then S;p500 = {1},
Si0010 = {1} S1p001 = {1} Si0o1 = {1} Sos010 = 05
So1001 = 9> Sor011 = 9, and Syg;1; = 0. Moreover, there
are eight product terms, and S {10000, 10010,
10001, 10011, 01010, 01001, 01011, 00111}. Hence,
Vs € S, IS, | < 1, which is equivalent to (29).
Criterion (b) is satisfied and the set {1} is a valid
candidate. Similarly, the other sets in the first column
of Table 3 are also valid candidates. For each valid
candidate, we get the corresponding |S,,,|. As shown
in the last column of Table 3, when S,, = {1,2,3},
|Spm| is maximal, and criterion (c) is satisfied. From
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nE X, (@)
% Input stream generator l%

nE X (i
X%ZI Input stream generator |A

Stochastic | SCR

circuit

Random
error

nE : G
_L)| Input stream generator |Xk—(l))

Ex,Ex,,..., Ex, ) ; FCR
H Float-point computation %

FIGURE 4: Simulation platform for evaluating random error.

above, the set S, satisfying all the criteria in step (4)
can be written as S,, = {1, 2, 3}. Then, go to step (5).

(5) X, and X are specified as BSs. Thus, the state vector
V = (MCAS, MCAS, MCAS, BS, BS).

Similarly, we can get the state vector V satisfying (21)
and (22) for the stochastic circuit implementing Bernstein
polynomial of degree n, which can be written as V =
(MCAS, MCAS, BS, BS).

n+l

5. Simulation Results and Comparison

The simulation platform for evaluating the random error
in stochastic circuits is shown in Figure 4. Assume that
the stochastic circuit is with k input streams X, X,, ..., X},
which represent k variables for the corresponding arithmetic.
We randomly select 5000 sample points of Ex , Ex,,..., Ex,
from [0, 1]. These sample points are used in both stochastic
computation and float-point computation. The random error
can be measured by the average of the absolute difference
between the stochastic computation results (SCR) and the
floating-point computation results (FCR) on these sample
points. In order to simulate the generic and common cir-
cumstance, we used the same LFSR for all the input stream
generators and just change the seed value. The size of LFSR
equals the square root of length of input streams. For the sake
of illustrating that the random error reduction scheme is valid
for any input stream length, the length of input streams is
chosen to be 2", where m = 5,6,...,12. We compare the
random error based on MCAS and BS with that based on
other sequences on the following benchmarks.

(1) AND gate: the random error reduction scheme based
on MCAS and BS for the stochastic logic AND
gate is as follows: X, is specified as an MCAS, and
X, is specified as a BS. For comparison, as shown
in Figure 5, we give the simulation results in the
following cases: (a) X, is an MCAS, and X, is a BS;
(b) X, and X, are both BSs [4]; (c) X; and X, are
both FRSs [14]; (d) X, and X, are DBSs as illustrated
in [3].

(2) XOR gate: the random error reduction scheme based
on MCAS and BS for the stochastic logic XOR gate
is as follows: X, is specified as an MCAS, and
X, is specified as a BS. For comparison, as shown
in Figure 6, we give the simulation results in the

Random error

Random error

9
0.025
0.02 -
0.015 -
0.01 |\ -\ -
0.005
0 L i L : : i L )
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Sequence length
—e— Random error based on BS and MCAS
—2— Random error based on BS
—a— Random error based on FRS
Random error based on DBS
FIGURE 5: Simulation results for AND gate.
0.035
0.03
0.025
0.02
0.015
0.01
0.005

(©)

0
0 500

1000 1500 2000 2500 3000 3500 4000 4500
Sequence length

—o— Random error based on BS and MCAS
—2— Random error based on BS
—a— Random error based on FRS

FIGURE 6: Simulation results for XOR gate.

following cases: (a) X, is an MCAS, and X, is a BS;
(b) X, and X, are both BSs [4]; (c) X, and X, are
both FRSs [14].

Stochastic logic implementing Bernstein polynomial:
two Bernstein polynomials are referred to in [4]. The
one used for approximating gamma correction func-
tion is of degree 6 and with the following coefficients:
by = 0.0955, b, = 0.7207, b, = 0.3476, b, = 0.9988,
b, = 07017, b, = 0.9695, and b, = 0.9939. The
other used for synthesizing polynomials is of degree
3 and with the coefficients as follows: b, = 0.2500,
b, = 0.6250, b, = 0.3750, and by = 0.7500.
We denote the stochastic circuit implementing the
former Bernstein polynomial by B, and the later by
B,. As illustrated in case study 3, the random error
reduction scheme based on MCAS and BS for B, is as
follows: X;,X,,..., X, are specified as MCASs, and
Xg» X, ..., X3 are specified as BSs. Meanwhile, that
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0.025
0.02 |
0.015 -

0.01 |- -

Random error

0.005

O 1 1 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Sequence length

—o— Random error based on BS and MCAS
—2— Random error based on BS
—=— Random error based on FRS

FIGURE 7: Simulation results for B;.

Random error

0 1 1 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Sequence length

—e— Random error based on BS and MCAS
—2— Random error based on BS
—=— Random error based on FRS

F1GURE 8: Simulation results for B,.

for B, is as follows: X, X,,..., X5 are specified as
MCASs, and X,, X5, ..., X, are specified as BSs. As
shown in Figure 7, we give the simulation results for
B, in three cases: (a) X;, X;, ..., X, are MCASs, and
Xg, Xy, ..., X 5 are BSs; (b) all the input streams are
BSs; (c) all the input streams are FRSs. Similarly, as
shown in Figure 8, we also give out the simulation
results for B, in three cases: (a) X, X,,..., X are
MCASs, and X, X, ..., X, are BSs; (b) all the input
streams are BSs [4]; (c) all the input streams are FRSs
[14].

From the simulation results for the above benchmarks, we
have the following conclusions.

(i) For all the benchmarks, the random error based
on MCAS and BS is smaller than that based on
BS with any sequence length. Hence, the proposed

Mathematical Problems in Engineering

random error reduction scheme is effective for those
stochastic circuits.

(ii) In benchmark 1, DBSs have the best performance.
However, they are only suitable for this specific
stochastic circuit. By comparison, the proposed
MCASs and BSs can be used in any combination
stochastic circuit.

(iii) FRSs have better performance than MCASs and BSs
in benchmarks 1 and 2, and vice versa in benchmark
3. Considering the difficulties in hardware generation
for FRSs, the proposed MCASs and BSs, easily gener-
ated by hardware, have much wider applications.

(iv) For all the benchmarks, the random error reduction
scheme based on MCAS and BS is valid for any input
stream length. Hence, the proposed random error
reduction scheme has no length constraints.

6. Conclusion

In this paper, we propose a general random error analysis
method based on AS. According to the analysis results,
we find it feasible to reduce random error for stochastic
computation by using proper ASs as input streams. Then,
we present the random error reduction scheme based on
MCAS and BS, which has the advantages of wide applications,
easy hardware implementation, and flexible length. Both
the theoretical analysis and simulation results confirm the
effectiveness of the proposed scheme. In the future work, we
will further study the features of ASs and apply them into
more complex stochastic circuits.

Appendix

A. Proof of Lemma 7

Proof. By (23), for any product term, at most one factor is an

MCAS. Let Xl”‘ denote the input stream that is an MCAS and
a factor of Pl'1 g Then, we have

E (Plil,k) = All,k H E (XV (l))

veN(y)
Cll,k’ ll,k € Spb’ (Al)
= l N ;s
Gy E (X" (i) L
EXll,k > YLk pm>

where G, = A; [l,eng, ) Ex,- The expectation of output
stream can be written as

By = YEZ@M) =2 Y E(B,).
i=1

i=11, €S,

(A.2)

If all the input streams are BSs, S, = S,. Substituting (A.1)
into (A.2) we have

E(BI) = %Z Z E (Plllk) Z Cll,k'

i=11; €Sy, L k€S

(A.3)
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If the state vector V satisfies (23), S, = §,,,,, US ;.. Substituting
(A.1) into (A.2) we have

1 n X 1 n
EV) == ) E(R, )+ ) E(R,)
=11, €Sy, i=11, €S
=) Gy,
Ly 1 €Spp
T E (XM () (A4)
+ Z C11k<12i_1 (l) >
ll,kespm ’ n EXllyk
Z Cll,k + Z Cll,k = Z Cl1,k'
Ly 1 €Spp L k€S pm L k€S,

Combining (A.3) and (A.4), E(V) = E(BI), and Lemma 7 is
proved. O

B. Proof of Lemma 8

Proof.

> E(X, (@) =) (ZE (X, (i))) =n’Ex. (B
j=1

NgE
™M

I
—

M:

Il
—

i

ZE (X, G) =) <ZE (X, (i))) =nEx.  (B2)

j=i Jj=i

Combining (B.1) and (B.2), we have
Y YE(X,())=n(n-1)Ey. (B.3)
i=1 j#i

Similarly,

3 YE(X () = n(n- D Ex,

i=1 j#i

(B.4)

Since X, and X, are MCASs,

1, i<min(nEy ,nE ,
E(X, (z'))E(Xz(i>)={ (nEx; nEx,) (B.5)

0, otherwise.

Meanwhile,

> YE(X, () E(X, ()
o (B.6)

= Y E(X, (1)) E(X, ().
i=1

Substituting (B.5) into (B.6), we have

Y Y E(X, ) E(X, (j)) = nmin (Ex Ex).  (B7)

i=1 j=i

11
Moreover,
Y Y E(X, () E(X; (j))
i=1 j=1
! (B.8)
= ZE (X, (@) ZE (X, (j) = nZEXIEXZ'
i=1 =1
By (B.7) and (B.8), we have
Y Y E(X, () E(X,(j))
i=1 j#i
=Y Y E(X, M) E(X; ()
i=1 j=1
(B.9)

. Z Y E (X, () E (X, (7))

= anX1 Ey, —nmin (EXI’EXZ)

< (n2 - n) Ex Ex,.
Combining (B.3), (B.4), and (B.9), Lemma 8 is proved. O

C. Proof of Theorem 9

Proof. From (27), only one input stream is specified as an
MCAS when the state vector is V. Thus, (23) is obviously
satisfied. According to Lemma 7, we have that E(V) = E(BI).
Then we will prove that V also satisfies (22).

E(PLP)

(C1)
= Ay A,

[T Ex,6) J]

veN(ly ;) veN(hy )

E(X, ().

Let X denote the input streams that are an MCAS. Then,
(C.1) can be rewritten as

£(R,7,)

bk
Iy

ch;kE (x; )

L ¢ M(f), by ¢ M(f),

7 N L€ M(f), hy ¢ M(f),
. (€2)

- { CE(X, )
Ta L ¢ M(f), hye M(f),
f
CZ:*E(Xf M) E(X; ()

(EXf )2

o e M(f), hye M(f),
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where C e o AllkAhlkHveN(llkEX HueN(th)EXu =
Ci,, Ch,, From (27), we have

i Y E(Z () Z(j))

i=1 j#i

Y Y SYE(R.R).

I, €S hy €S, i=1 j#i

(C.3)

For illustration purposes, we make the following notations:

R Y Y yye(de).

L€ M(f) hy $M(f) i=1 j#i

- Y Y YYE(RR).

L €M(f) hy  €M(f) i=1 j#i

(C.4)
n .
F = Z Z Z ZE (lplll,kp}{l,k) ’
Lk #M(f) hy ke M(f) i=1 j#i
n . .
> ¥y YYE(EE)
I €M(f) hyeM(f) i=1 j#i ’
Substituting (C.2) into F;, we have
hyk
Fo=nn-1) Cl”; . (C.5)
LxEM(f) hygM(f)
Substituting (24) and (C.2) into F,,
hl .
lekEM(f) zh1z<§5M(f : Zz 1 Z]#z (Xf (1))
2=
E
Xs (C.6)
=nn-1) Z Z h“‘
Lk €M(f) by EM(f)
Similarly, substituting (25) and (C.2) into Fj,
F=n(n-1) ) ) C llk (C.7)
Lk 8M(f) hy g eM(f)
Moreover, substituting (C.2) into F,,
F4
L eM(f) Ly eM(f) f,': Yo Y E(X,))E(X,(j) (C8)
= . i
(EXf)
hl
where ¥, vy Zmemin G = Chyemin C,,)? = 0. By
(26) and (C.8),
h’l
F,<n(n-1) Z Cll,;;k' (C.9)

L €M(f) hy eM(S)

Mathematical Problems in Engineering

Combining (C.5), (C.6), (C.7), and (C.9),

i=1 j#i Ly €Sy hy k€S,
) (C.10)
=n(n- 1)( Z Clu‘) .
I €S,
By (A.3) and (C.10),
zZZE (ZHZ())) < (C.11)
i= 1]#1

By (12) and (C.11), we have
Var (V) < EBDUA-E®BD) _ ., (BI). (C12)

n
From above, Theorem 9 is proved. O

D. Proof of Theorem 10

Proof. We can see that (29) is the same as (23). Thus, by
Lemma 7, we have E(V) = E(BI). Then we will prove that
V also satisfies (22). Let X" denote the input stream that
is an MCAS and a factor of Pl’lk Let X™* denote the input

stream that is an MCAS and a factor of Pf;lk. Then, (C.1) can
be rewritten as

E (l)lil,k Plzl,k )

hyk
Ly’

CZ:kE (x5 ()

ll,k ¢ Spm’ hl,k ¢ Spm’

, Le€S,.» h S
] EXlLk 1,k pm 1,k ¢- pm (Dl)
= < Cllf,‘{kE (Xh"k (]))
Ei’ ll,k ¢ Spm’ hl,k € Spm’
N XMk
CitE (X1 () E(X" ())
s Lye Spm> hyy € Spm

(EXII,k EXhl,k )

For illustration purposes, we make the following nota-
tions:

> Y YYE(RE)

L #S p 1y ESpy =1 j#i

Y Y YYE(REL)

llykES m hl,kes o i=1 j#i

(D.2)
- Y Y SYE(RE).
1k¢spm hlkespml 1 j#i
=YY SYE(RE).
Ly k€S pm hy k€S ppy i=1 j#i
Substituting (D.1) into Gy,
G=n(n-1) Y Y C™ (D.3)

ll,kgspm hl,kﬁspm
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Substituting (24) and (D.1) into G,, Similarly, substituting (25) and (D.1) into Gj,
" I
_ zll,kgst Zh1,k¢s 111: Z’ 1 Z]’“ E (X " (l)) G 1 By
2 = Eor s=nm=1) ) ) CM (D.5)
X (D.4) L ESpn P11 €Sy
_ _ Bk
=n(n-1) Z Z Cll,k'
bk €S pm P #Spm Moreover, substituting (D.1) into G,,
h 1 h .
— zll,kesl’m Zhl,kes lllkk Z’ 1 ZJ# E (X lk (l)) (X Lk (]))
L=
(Ele’k EXhl,k )
hlk ‘ ‘ (D.6)
_ Zees ZZlkeM(e) Zfes ZhlkeM f) Zz 1 Z]# E (Xe (1)) E (Xf (J))
(EXeExf)
According to (28), all the input streams that are By (12) and (D.12), we have
MCASs should be PISs. Thus, X, and X are both PISs. P
By Definition 6, VX, (i), X, (i), ..., X,_, (i), X,,, (0), ..., X;.(i), Var (V) < (BDA-E®BD) _ . (BI). (D.13)
(Z,}ykeM © Pll,k)/Xe(’) > 0. Thus, we have n
. From above, Theorem 10 is proved. O
E ZILkeM(e) Pllyk _ leykeM(e) Cll,k >0 (D 7)
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