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Design and Evaluation of Efficient and Robust

Analog Calculation Unit with Multiple Inputs*

Noriyuki Uetake

Abstract

Along with the fast development of IoT andmachine learning algorithms, the im-
plementations of embedded devices havewidely appeared in real-world applications,
which are hungry for the high computing capacity. On the other hand, the comput-
ing performance is hardly improved only by the benefits of higher integration since
the road-map of scaling-down will reach the end soon. Thus, innovative computing
technologies should be developed. For this purpose, the approximate computing tech-
nology implemented by analog circuits is explored. The approximate computing aims
at improving hardware efficiency by fault-tolerant processing instead of exact compu-
tations. The analog calculation appears some merits on high speed (due to calculations
in continuous time) and compact scale, but suffers from the poor programmability and
sensitivity against temperature and process variations. In this work, a programmable
analog calculation unit is developed by implementing support vector regression (SVR)
algorithm with analog circuitries. A set of dynamically tunable Gaussian function
generation circuits are designed for performing the kernels of SVR in terms of analog
current. By collecting thecurrent of all the Gaussian kernels, the regression is carried
out from the SVR theory. Obviously, the circuit scale and cost strongly depend on the
number of support vectors (SVs). To shrink the hardware resource, a novel scheme

of SVR is proposed by repeating the SVR learning process iteratively. By using this

*Master’s Thesis, Graduate School of Information Science, Nara Institute of Science and Technol-
ogy, January 31, 2019.
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scheme, the number of SVs is greatly reduced with a high regression accuracy, which
leads to the reduction of circuit scale. The machine learning platform LIBSVM is em-
ployed for SVR training; and HSPICE is used for the circuit simulation of the proposed
analog calculation units. Several example functions are verified for proof-of-concept

as: one-operand function f(x) = x* two-operand function f(x;,x,) = {/x? + x5 and

nine-operand function f(X) = \/xf + x5+ -+ x3 + x5. From the simulation results
without the consideration of variations, these three functions are executed by the pro-
posed ACU in 330ns with the inaccuracy of 2.64%, 4.2%, and 10.85%, respectively.
The ACUs for implementing two- and nine-operand functions are designed with the
scales of 600 and 9000 transistors, respectively (corresponding to 20 and 90 SVs).
Moreover, the robustness against temperature and process variations is investigated and
improved. By optimizing the sizes of MOS transistors, the computing errors with the
considerations of temperature and process variations are reduced to 7.5% and 5.74%
for the example of f(x) = x%, f(x1,x2) = /x} + x3. The optimum number of SVs is
found as the range from 10 to 25 for two-operand calculation, which allows to build

ACUs in a small circuit size with acceptable accuracy.

Keywords:

Edge computing, Approximate computing, Support Vector Regression, Optimisation
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—Kernel circuit  —ldeal gaussian function
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(A) : VOLTS(V)
After adjustment
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421 0000000 ODOODOOOOO

ACUODODOOD 000000000000 £000000 Errory, 00
0oooooon

I & -
Erroria =~ > |fi = fl (26)
n i=0

422 0JO000O00ODOOOOOOODOO

ACUDDOOOOOOO0OO0 Errorye 000000000000000000O
0 Errorgyy 000000000000000000000 f2,0000000
O000000D000D f2 000000000000

best

IS
Errorip = — Z |fv(v3rst - ﬁl (27)
n i=0
1 < oy
E p = — (VN ()] 28
rrorgiry n ; |fworst bestl (28)
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5. oo

510 00D0booooooooooog@Woon)

511 10000

1Do0ougoobobooooooboo
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OsSvoboooboobooboob 220020000

f(x) = (29)

02100000000 (Fx) = 22)

After optimisation

#of SVs 10
error(theoretical) 0.00%
error(ACU) 2.64%

[nA]
120

Output current
8

N / /

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Input voltage x
—Target function —Circuit simulation

022 f(x)=x*0000
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200000b00booboobon
gboooogoboobooooon

f(x1,x) = /X7 + x5 (30)

goooog 2300 3DDDDDDDDDDDDDDDDSVDDD%DDD
OoOOo0bobooobooboob42%000000000000000 6000
gooo

03200000000 (f(x1, %) = /2 +22)

Original SVR | After optimisation

# of SVs 98 20
error(theoretical) 0.03% 0.25%
error(ACU) 4.10% 4.2%

Target function

« Circuit simulation +

100nA

Output current

O 23 f(x1,x) = ,/x%+x§D oon
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f(X):\/x%+x§+--~+x§+x§ 31

04900000000 (f(X) = \/x%+x§+---+x§+xg

Original SVR | After optimisation

# of SVs 15876 90
error(theoretical) 0.74% 3.13%
error(ACU) - 10.85%

Os5so0000noogn@oooogn

Original SVR | After optimisation

# of SVs 11116 90
error(theoretical) 0.20% 2.33%
error(ACU) - 6.65%

e oo @bobooonogn

Original SVR | After optimisation

# of SVs 11254 90
error(theoretical) 0.84% 3.57%
error(ACU) - 5.36%
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521 10000

IbDogogbbobuogboboboooobbobuooonobbooogno

fo)=x (32)

DoooO700240000000000000000ODO0DO0ODOODAO

070000100000000 (f&x) =)

After optimisation

# of SVs 10
error(theoretical) 0.00%
error(ACU) <7.52%

[nA]
120

Output current

0.08 0.18 0.28 0.38 0.48 0.58 0.68 0.78 0.88 0.98
[\

Input voltage x

—Target function —Circuit simulation

024 f(x)=x*>’0000
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200000booboobooboobobobobbobboboboobg

G, x) = (Jx] + 13 (33)

gogbobbuoodb R1ogbooboooobbbogoboobobood svo
Dooboboooobobooboogsuoobosvoog 112o0o1so0o
OoOoboobobooobobe31l%Uis74% 0000000000 1%0
Oobooooouoogbo8Ioew]D o000 ooon 330ks] 000000 0n
OoOOooodo2073[(pJ1000000O0

08 0000200000000 (f(x1,x) = /2 +22)

Original SVR | after optimisation

# of SVs 112 15
error(theoretical) 0.00% 0.049%
error(ACU) 6.31% 5.74%
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61 DODODDOOOOO

goboobooooooooon

4-bit ALU | LUT-based analog Calc. | NN regression ACU( THis work)

Radix Binary Analog Binary Analog
Bits/Error 4 Error~0.76% | Error ~4.32% | Error~4.2%(~10.85%)
Function | Simple Arithetic Arbitrary | Transcendental Arbitrary
Operands 2 1 2 2(9)
# of Tr.s > 1000 > 30000 | > 3000 + CPU >600(>9000)
Speed Multiple Single Multiple 330[ns]

gobtouoboobooboobooboboooboboobooboboobo
gobogobbooobobboooobooobboobbbooobboon
DoboobogboboboboboboboboboobouobobubUObUdiONN
goobobgob3gboboboboboboboborLrobobobon
gbobogobbuodgobboobuoogbbuoogboobboobboon
oodboogbooobobodecobbooboboobobobooon
OooooboooboobbuoobbodnbbOd 10.85%090000 000
obobooboobooboob
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