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METHOD OF NEURAL NETWORK
TRAINING USING FLOATING-POINT
SIGNED DIGIT REPRESENTATION

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present mmvention relates to a method of neural
network tramning, and more particularly, to a method of
neural network training using floating-point signed digit
representation to simplify computation complexity for net-
work training.

2. Description of the Prior Art

Deep Neural Networks (DNN), also known as deep
learning, have advanced so much 1n the past few years to
allow artificial mtelligence (Al) to realize applications such
as object detection, 1mage recognition, voice recognition,
medical diagnosis, self-driving vehicles, and so on.

Network inference refers to feeding input data to a neural
network model, going through a series of computations, and
finally obtaining inference results corresponding to the neu-
ral network model. Before a suitable neural network model
1s obtained, 1t 1s required to perform neural network training
to establish proper neural network weights that allow the
neural network model to generate proper inference results
according to the mput data and the network weights for
realizing the above-mentioned applications.

The neural network training procedure includes setup,
torward pass computation, backward pass computation, and
weilght update. A neural network model may include an input
layer, multiple hidden layers, and an output layer. Take a
neural network including one hidden layer as an example.
Firstly, configure the neural network with initial weight
values 1n the setup stage; compute output values of this layer
according to given input values, so as to perform forward
pass computation; compute error values and weight adjust-
ment values of this layer according to the given input values,
the output values and the weight values, to perform back-
ward pass computation; and finally adjust the weights
according to the weight adjustment values, to perform
weight update. By iteratively performing computations
abovementioned to adjust the weights until the proper
weights for the neural network are obtained, the neural
network model may generate proper inference results
according to the input data and the weights. In general, when
performing neural network training, the weights are adjusted
by accumulated adjustment values that are generated after
multiple sets of input data have passed through all the layers
of the neural network.

As can be seen, when the size of the neural network model
becomes larger (1n particular the deep neural networks), the
computation complexity and memory access for performing
neural network training becomes enormous. Currently, in
actual applications, 32-bit standard floating-point numbers
are commonly used to represent neural network weights
when performing neural network training computation,
wherein the hardware power consumption and computation
complexity for handling standard floating-point numbers are
both quite high.

Therefore, how to simplily computation complexity for
neural network training to reduce hardware power consump-
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2

tion and computation complexity has become quite essential
in deep learning technology development.

SUMMARY OF THE INVENTION

Therefore, an objective of the present mvention 1s to
provide a method of neural network training using tloating-
point signed digit representation to simplify computation
complexity for network training.

The present invention discloses a method of neural net-
work tramning for a neural network. The method includes
using a tloating-point signed digit (hereinafter abbreviated
as FloatSD) number to represent a neural network weight of
the neural network, wherein a mantissa of the neural net-
work weight 1s represented by multiple mantissa signed digit
groups and an exponent of the neural network weight 1is
represented by an exponent digit group, and using the
exponent digit group and at least one of the multiple
mantissa signed digit groups of the neural network weight to
perform weight adjustment computation and neural network
inference computation.

The present invention further discloses a method of
adjusting neural network weights during training of a neural
network. The method includes using an exponent digit group
and at least one of multiple mantissa signed digit groups of
cach neural network weight of the neural network to com-
pute a weight adjustment value of a neural network weight;
and adjusting a neural network weight before adjustment
according to the weight adjustment value to generate a
neural network weight after adjustment; wherein the neural
network weight 1s represented by a FloatSD number, and the
mantissa of the FloatSD neural network weight 1s repre-
sented by the multiple mantissa signed digit groups, and the
exponent of the neural network weight 1s represented by the
exponent digit group.

To simplily neural network training and inference com-
putation, the present invention uses floating-point signed
digit (FloatSD) numbers to represent neural network
weilghts, and uses neural network weights and neuron output
values to compute weight adjustment values during neural
network training and perform neural network inference
computation. As a result, the present imnvention can reduce
the number of non-zero digits comprised 1n the neural
network weights, which allows shift-and-add circuits to
replace floating-point multipliers in performing multiplica-
tions mvolving the neural network weights, which reduces
the computation complexity for network training (for
example, forward pass computation and backward pass
computation). In addition, since neural networks have the
characteristics of error tolerance, the present mnvention may
use only two mantissa signed digit groups along with the
exponent group when performing neural network inference
computation, forward pass computation, and backward pass
computation. As a result, the number of non-zero digits 1n a
neural network weight 1s significantly reduced and the
computation complexity for multiplications between the
neuron outputs and the neural network weights can be
simplified, thus reducing the computation complexity,
memory access, as well as hardware power consumption for
neural network training and inference.

These and other objectives of the present mvention will
no doubt become obvious to those of ordinary skill 1n the art

alter reading the following detailed description of the pre-
ferred embodiment that 1s 1llustrated 1n the various figures

and drawings.
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BRIEF DESCRIPTION OF THE

DRAWINGS

FI1G. 1 1llustrates operations of a neural network perform-
ing neural network traiming according to an embodiment of
the present mnvention.

FIG. 2 1s a schematic diagram ol computations of a
neuron of the neural network i FIG. 1 according to an
embodiment of the present invention.

FI1G. 3 1s a schematic diagram of a neural network weight
using floating-point signed digit representation according to
an embodiment of the present invention.

FI1G. 4 1s a tlowchart of a neural network training process
according to an embodiment of the present invention.

FIG. 5 1s a flowchart of a weight adjustment process
according to an embodiment of the present invention.

FIG. 6 1s a flowchart of a weight adjustment process
according to an embodiment of the present invention.

DETAILED DESCRIPTION

FIG. 1 1illustrates operations of a neural network 10
performing neural network training according to an embodi-
ment of the present invention. The neural network 10 may
generate a set of output data A according to a set of input
data X and a set of corresponding weights W, then compute
a loss value ERR between the output data A and an expec-
tation EXP by a loss computation unit 11, and finally adjust
the weight W according to the loss value ERR by a weight
update umit 12. The neural network 10 includes an input
layer (for example, the mput data X), at least one hidden
layer and an output layer (for example, the output data A),
wherein each layer may include multiple neurons (also
known as nodes), upper layer neuron(s) and lower layer
neuron(s) may be connected by a connection transmitting,
data via a weight value.

FIG. 2 1s a schematic diagram of computations of a
neuron 100 of the neural network 10 according to an
embodiment of the present invention. Given that there are
three upper layer neurons connected to the neuron 100 and
configured to respectively output neuron values X1-X3 to
the neuron 100. The neuron 100 may perform a convolu-
tional computation according to the neuron values X1-X3
and the network weights W1-W3, and then pass through a
non-linear function 1(.), which 1s also known as activation
function, to obtain a neuron output value A, also known as
neuron activation value.

The neural network traiming for the convolutional neural
network and multilayer perceptron involves many variables
and formulas, so the required computation and memory
access are quite massive. In one embodiment, 1n order to
simplily the computation complexity for neural network
training, the weight update umt 12 may use floating-point
signed digit group representation (hereinafter abbreviated as
FloatSD) to represent an approximated value of the weight.
Floating-point signed digit group representation refers to
dividing a mantissa into multiple mantissa groups, wherein
cach group 1ncludes at most one non-zero digit. For
example, when the signed digit group representation 1is
applied 1n binary representation, a group with four digits
may include one non-zero digit and three zero digits or four
zero digits, and there are 9 possible values representable by
a group with four digits as shown 1n Table 1.
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4
TABLE 1

Four-digit signed digit group representation

Positive 1000(8)
number 0100(4)
0010(2)
0001(1)
Zero 0000(0)
Negative 0001(-1)
number 0010(-2)
0100(-4)
1000(-8)

Note that “1” represents the digit “-17,

Take a multiplier 63 (decimal representation) for
example. It may be converted into “0111111” using the
binary representation, and “1000 0001” using the signed
digit group representation (1.e., 64-1). Under the signed digit
group representation, any multiplicand multiplying waith
multiplier 63 can be performed by shifting the multiplicand
left by si1x digits and then subtracting by the multiplicand.
Therefore, for hardware design, there 1s only one adder
needed to perform the addition of the negative multiplicand
(1.., subtraction of the multiplicand). In the example of FIG.
2, given that the weight W1 1s represented by “1000 0001
using the signed digit group representation, the neuron 100
shifts the input neuron X1 data left by six bits and then
subtracts 1t by the neuron data X1 to perform the multipli-
cation of X1 by W1 (X1-W1). As a result, using signed digit
group numbers to represent the approximation of network
welghts may significantly simplily the computation com-
plexity of neural network training.

Under the signed digit group representation, the value of
a group 1s adjusted according to Table 1, wherein the value
of the group is increased or decreased by moving to the
greater or smaller value immediately above or below the
current value in the table provided that such move will not
g0 beyond the boundary of the table. For example, given that
a group currently represents a negative value 0001(-1), then
the group will be set to 0000(0) after increment; given that
the group has a positive value 0010(2), then the group will
be set to 0100(4) after increment. On the other hand, given
that the group has a negative value 0001(-1), then the group
will set to 0010(-2) after decrement; given that the group
has a positive value 0010(2), then the group will set to
0001(1) after decrement.

When the value of the group 1s already at the topmost
position (1000) and 1t 1s requested to increment, then a carry
(increment) signal 1s generated to 1ts neighbor group to the
lett (closer to the most significant group (MSG)) and the
current group value 1s set to the smallest value (1000). Take
computing “40+8” in the decimal representation as an
example. The summation may be converted into “0010
100040000 1000” with the signed digit group representa-
tion. The outcome will be approximated by “0100 1000,
where the group on the right has been adjusted from the
greatest value (1000) to the smallest value (1000) and the
group on the left has been incremented by one position to
(0100) after recerving the carry signal from 1ts neighbor on
the right. The exact result 48 using the decimal representa-
tion 1s approximated by “64-8=36" when using the signed
digit group representation.

When the value of the group 1s already at the bottommost
position (1000) and 1t 1s requested to decrement, then a
borrow (decrement) signal 1s generated to its neighbor group
to the left and the current group value 1s set to the greatest
value (1000). Take computing “24-8” in the decimal repre-
sentation as an example. The subtraction may be converted
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into “0010 1000+0000 1000” with the signed digit group
representation, and the outcome 1s approximated by “0001
1000, The exact value 16 with the decimal representation 1s
approximated by “16+8=24" with the signed digit group
representation.

Due to the well-known high tolerance of errors in the
neural networks, many research results have reported that
using approximated neural network weights in the forward
and backward computation of neural network training can
obtain accuracy results very close to that of training using
exact neural network weights. For example, using a limited
number of more significant bits in the mantissa of the
32-digit standard floating-point number for neural network
welghts and setting the remaining bits of the mantissa to zero
when performing neural network training, traiming results
close to that of using the exact floating-point numbers for the
welghts can be obtained. In addition, 1t 1s found that using,
all the bits of the mantissa of the neural network weights to
perform weight update during the training makes the infer-
ence result of the trained network converge, which ensures

that the output data A generated by the neural network 10
converges to the expectation EXP. For the example 1n FIG.
2, mstead of standard 32-bit floating point representation for
neural network weights, one can use only 8 bits for exponent
and 6 bits for mantissa to represent the neural network
weight W1, wherein the mantissa 1s represented by two
signed digit groups with 3 digits i each group. In this
representation, only two shift and add operations are
required to perform forward and backward pass computa-
tions that involve multiplication with neural network

weights. This 1s because for multiplication of a weight with
another value, each signed digit group in the mantissa
requires one shift and add operation, which reduces memory
access and computation complexity. However, 1t 1s noted
that 32-bit number representation for the weight W1 1s still
necessary when performing neural network weight update
for the output data A generated by the neuron 100 to
converge to the expectation EXP.

In one embodiment, the neural network weight W 1s
turther represented by a neural network weight before
adjustment W,...,~~ and a neural network weight after
adjustment W ... The weight update 12 adaptively
adjusts the neural network weight before adjustment
W rore according to the weight adjustment value to gen-
crate the neural network weight after adjustment W, -z 5.

In one embodiment, the neural network weight before
adjustment W ..~~~ weight adjustment value, and neural
network weight after adjustment W ..., are represented by
standard floating-point numbers. When performing weight
update, the weight update unit 12 may add the weight
adjustment value (which may have positive or negative
value) to the neural network weight before adjustment
W -ore 10 generate neural network weight atter adjust-
ment W , ... When the neural network 10 performs for-
ward or backward pass computation to generate the next
weight adjustment value or performs the neural network
inference computation, the weight update umit 12 may
convert the mantissa of the neural network weight after
adjustment W , . from the standard floating-point number
to the tloating-point signed digit (FloatSD) number and then
transmit 1t to the neural network 10. When the neural
network weight before adjustment W, ..~ the weight
adjustment value, and the neural network weight after
adjustment W ..~ are all represented by the standard
floating-point numbers, the weight update 1n training will be
equivalent to using the exact value of the mantissa for the
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6

neural network weights, thus ensuring the precision of
weight update and neural network training results.

In one embodiment, the weight adjustment value 1s rep-
resented by a standard floating-point number, while the
neural network weight betore adjustment W ., ..., and the
neural network weight after adjustment W , ... are repre-
sented by floating-point signed digit (FloatSD) numbers.
FIG. 3 1s a schematic diagram of a weight W0 using
floating-point signed digit representation according to an
embodiment of the present invention, wherein weight W0 1s
represented by a floating-point signed digit (FloatSD) num-
ber, and includes 8 bits representing an exponent of the
FloatSD number and 24 digits representing a mantissa of the
FloatSD number.

In this embodiment, the weight W0 includes an exponent
group G_EXP and multiple mantissa groups G0-G7. The
exponent group G_EXP has a width of 8 bits including bits
B31-B24, wherein bit B31 1s the most significant bit, the bat
B24 1s the least significant bit. The mantissa groups G7-G0
are represented by signed digit groups, wherein each group
includes 3 digits, and respectively indicated by B23-B21,
B20-B18, B17-B15, B14-B12, B11-B9, B8-B6, B5-B3 and
B2-B0. Each of the groups includes at most one non-zero
digit. The mantissa group G7 1s the most significant group
(MSG), while the mantissa group GO0 1s the least significant
group (LSG).

Under the signed digit group representation, each of the

mantissa groups G7-G0 may represent 7 numbers, as shown
in Table 2.

TABLE 2

Three-digit signed digit group representation

Positive 100(4)
number 010(2)
001(1)
Zero 000(0)
Negative 001(-1)
number 010(-2)
100(-4)

Note that “1” represents the digat “-1".

Since each of the mantissa groups G7-G0 includes at most
one non-zero digit, the number of required shift and add
circuits 1n a multiplier for FloatSD weight equals to the
number of the mantissa groups used in the multiplication.
For example, when performing neural network training, two
shift and add circuits are required when only the two most
significant mantissa groups are used 1n the computation of
weilght adjustment value. Comparing with the 24 shift and
add circuits 1n the multiplier circuit for 24-bit mantissa of the
standard floating-point representation i1n the prior art, the
present invention, leveraging the FloatSD representation for
the neural network weights uses much fewer shift and add
circuits to perform multiplication 1n neural network training,
significantly reducing computation and hardware complex-
ity required for neural network training.

In this embodiment, the adjustment of weight W0 starts
with adjustment of the mantissa groups G7-G0, followed by
the adjustment of the exponent group G_EXP, wherein the
mantissa groups G7-G0 are adjusted from a suitable man-
tissa group toward the most significant group (G7). The
weight update unit 12 may determine at least one suitable
mantissa group to start weight adjustment according to the
absolute value of the weight adjustment value, and deter-
mine a direction of adjustment (1.¢., increment or decrement)
of the non-zero digits in the suitable mantissa group accord-
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ing to the weight adjustment value. For each suitable man-
tissa group, the weight update unit 12 may generate at least
a carry (increment) signal or a borrow (decrement) signal for
this group to adjust its value. Subsequently, after the current
mantissa group has been adjusted and if the current mantissa
group generates a carry or borrow signal to its left neighbor
group, the weight update unit 12 moves to that next mantissa
group, which 1s closer to G7 and then adjusts that group
according to the carry or borrow signal received, and so on.
When there 1s a carry or borrow signal generated by the most
significant group G7 durning its adjustment, the weight
update unit 12 should adjust the exponent group G_EXP.

In one embodiment, the weight adjustment value indicates
at least one suitable mantissa group in a FloatSD weight, and
cach of the suitable group corresponds to at least one carry
signal or at least one borrow signal. When there are multiple
suitable mantissa groups, each of the suitable mantissa
groups 1s adjusted by a same methodology. For example,
after the mantissa group G3 has been adjusted, the weight
update unit 12 may set the mantissa group G4 as the current
adjustment group. Given that when adjusting the mantissa
group G3, there 1s a carry signal or a borrow signal generated
to the mantissa group G4, the weight update unit 12 may
make G4 the current adjustment group and increase (or
decrease) the mantissa group G4 according to the received
carry signal (or borrow signal) by G4, and accordingly may
generate a new carry signal (or borrow signal) to the
mantissa group GS. When the current adjustment group G4
has reached the upper lmmit (e.g., “100”) and still needs
increment, the weight update unit 12 may generate a new
carry signal to G5; when the current adjustment group G4
has reached a lower limit (e.g., “100”) and still needs
decrement, the weight update unit 12 may generate a borrow
signal to G3. Likewise, the weight update unit 12 may
iteratively perform adjustment until the most significant
group (1.¢., the mantissa group G7) has been adjusted, and
then adjust the exponent group G_EXP.

In one embodiment, when the most significant group
(MSG) has reached an upper limit (e.g., the mantissa group
G7 15 “100(4)), or the most significant group has reached a
lower limit (e.g., the mantissa group G7 1s “100 (-4)”), the
welght update unit 12 may add the exponent group G_EXP
by 1 and right shift the mantissa groups (G7-G0) by 1 digat.
For example, 11 a group 1s 100(4), 010(2), 000(0), 100 (-4)
or 010 (=2), the group becomes 010(2), 001(1), 000(0), 010
(=2) or 001 (-1) after 1t 1s right shufted by 1 digit; 11 a group
1s 001(1) or 001 (-1), the group becomes 000(0) after it 1s
right shifted by 1 digit. In another embodiment, the weight
update unit 12 may increase the exponent group G_EXP (by
the number of group digits), right shift the mantissa groups
G7-G1 by the number of digits 1n a group to take places of
the mantissa groups G6-G0, and set the mantissa group G7

to 000(0).

In one embodiment, when the most significant group 1s
zero (e.g., the mantissa group G7 1s “000”), the weight
update unit 12 may decrease the exponent group G_EXP by
the number of group digits (e.g., decrease the exponent
group G_EXP by 3, which 1s the number of digits in one
mantissa group); left shift the mantissa groups G6-G0 to
take place of the mantissa groups G7-G1, and set the
mantissa group G0 (LSG) to 000(0). As a result, the mantissa
groups with non-zero values are shifted to the left so as to
enhance the precision of the mantissa, as shown in Table 3.
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TABLE 3

before G_EXP <0000 0101”"; G7-GO “000 001 100 000 000 000 000
adjustment 001
after G_EXP “0000 00107; G7-GO “001 100 000 000 000 000 001

adjustment 000>

According to Table 3, the decimal point of the neural
network weight 1s shifted toward right by 3 digits (1.e., the
number of digits comprised in one mantissa group), which
is equivalent to multiplying the neural network weight by 27
or 8 times, and thus the exponent group G_EXP shall be
subtract by 3, which 1s equivalent to multiplying the neural
network weight by 27> or Y% times, to keep the neural
network weight consistent.

In one embodiment, the exponent of the network weight

1s represented by a multiplication of the exponent group
G_EXP and a constant, as shown 1n formula (3.1):

EXP=G_EXP-b

(3.1),

wherein EXP 1s an exponent value, B 1s a constant, and the
constant B equals 1 or the number of digits comprised 1n one
mantissa group. In the example of Table 1, the constant B
equals 4; 1n the example of Table 2, the constant B equals 3;
in the example of Table 3, the constant B equals 1.

In one embodiment, given that the constant B equals 3,
when the most significant group equals zero (e.g., the
mantissa group G7 1s “0007), the weight update unit 12
decreases the exponent group G_EXP by 1 and the exponent
value 1s decreased by the constant B correspondingly, as
shown 1n Table 4.

TABLE 4
Before G_EXP “0000 0101”7; G7-GO “000 001 100 000 000 000 000
adjustment 001
After G_EXP “0000 010077; G7-GO “001 100 000 000 000 000 001

adjustment 000

According to Table 4, the decimal point of the neural
network weight 1s shifted toward left by 3 digits, since the
exponent of the neural network weight 1s represented by a
multiple of the constant B=3, the exponent group G_EXP
should be subtract by 1 to keep the neural network weight
consistent. In other words, decreasing or increasing the
exponent group G_EXP by 1 1s equivalently to subtracting
constant B from or adding constant B to the exponent value
of the neural network weight.

Operations regarding the neural network 10 may be
summarized into a neural network training process 40 as
shown 1 FIG. 4. The neural network training process 40
may be compiled into a program code and store 1n a memory
device, and configured to instruct the neural network 10 to
perform the following steps.

Step 401: Use FloatSD numbers to represent multiple
neural network weights of a neural network, wherein a
mantissa of each of the neural network weights 1s repre-
sented by multiple mantissa signed digit groups, and an
exponent of each of the neural network weights 1s repre-
sented by an exponent digit group.

Step 402: Use the exponent digit group and at least one of
the multiple mantissa signed digit groups to perform weight
adjustment computation.

In the neural network training process 40, the neural
network 10 may use the multiple mantissa signed digit
groups G7-G0 to represent the mantissa of the weight WO,
and use the exponent digit group G_EXP to represent the
exponent of the weight W0 (Step 401); then, the neural
network 10 may use the exponent digit group G_EXP and at
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least one of the multiple mantissa signed digit groups 1n
G7-G0 to perform computation of the weight adjustment

value (Step 402).

In one embodiment, the neural network 10 may use the
most significant group G7 and the second significant group
(6 of the mantissa groups, wherein a width of the mantissa
group 1s 3-digit, to perform forward pass computation and
backward pass computation of neural network training. The
complexity of multiplication between the neuron activation
and the neural network weight depends on the number of
non-zero digits in the neural network weight. Since the
neural network 10 has reduced the non-zero mantissa digits
of the neural network weight, the computation complexity of
multiplications between the neuron activation and the neural
network weight during the forward pass computation and
backward pass computation for neural network training can
be reduced, so as to simplify the computation complexity
and reduce memory access 1n neural network traiming. For
example, the mantissa may be represented by 2 groups, each
with 3 digits (on the total 6 digits), with only 2 non-zero
digits, and thus only 2 shiit and add circuits are required to
perform the multiplication.

Operations regarding the weight update unit 12 to perform
neural network weight adjustment may be summarized nto
a weight adjustment process 50 as shown in FIG. 5. The
weight adjustment process 50 may be compiled into a
program code and stored 1n a memory device, and config-
ured to instruct the weight update unit 12 to perform the
following steps.

Step 500: Start.

Step 501: Determine a current adjustment mantissa group
of a neural network weight according to a weight adjustment
value; generate at least one carry signal or at least one
borrow signal according to the weight adjustment value, and
transmit the at least one carry signal or the at least one
borrow signal to the current adjustment mantissa group;
wherein the neural network weight includes an exponent
group and multiple mantissa groups.

Step 502: Determine whether the current adjustment
group 1s a most significant group of the multiple mantissa
groups? Perform Step 503 if no; perform Step 506 1f ves.

Step 503: Determine whether the current adjustment
group before adjustment has reached a maximum limit or a
mimmum limit and cannot be adjusted according to the carry
signal or borrow signal? Perform Step 504 1f yes; perform
Step 503 1f no.

Step 304: Set the current adjustment group to the opposite
limit, then set the next mantissa group on the lett (closer to
the most significant group) as the new current adjustment
group, and transmit the carry signal or the borrow signal to
that group. Return to Step 502.

Step 505: Adjust the current adjustment group according
to the carry signal or the borrow signal. Perform Step 511.

Step 506: Determine whether before adjustment the most
significant group has reached a maximum limit or a mini-
mum limit and cannot be adjusted according to the carry
signal or the borrow signal? Perform Step 507 if ves;
perform Step 508 if no.

Step 507: Increase the exponent group and move all the
mantissa groups toward the least significant group by at least
one digit. Perform Step 508.

Step 508: Adjust the most significant group according to
the carry signal or the borrow signal.

Step 309: Determine whether after adjustment the most
significant group 1s zero? Perform Step 310 1t 1t 1s zero;
perform Step 511 1f it 1s not zero.
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Step 510: Decrease the exponent group, move all the
multiple mantissa groups toward the most significant group
by one group, and set the least significant group to zero.

Step 511: End.

In the weight adjustment process 50, i Step 501, the
weight update unit 12 may determine a current adjustment
group of the neural network weight W0 according to weight
adjustment value; generate the carry signal or the borrow
signal according to weight adjustment value; and transmit
the carry signal or the borrow signal to the current adjust-
ment group, wherein the neural network weight W0 includes
one exponent group G_EXP and multiple mantissa groups
G7-GO.

In Step 502-503, when the weight update unit 12 deter-
mines that the current adjustment group 1s not the most
significant group G7 of the mantissa groups, the weight
update unit 12 determines whether before adjustment the
current adjustment group has reached a maximum limit or a
minimum limit and cannot be adjusted according to the carry
signal or the borrow signal.

In Step 504, when before adjustment the current adjust-
ment group has reached the maximum limit or the minimum
limit and cannot be adjusted, the weight update unit 12
firstly sets the current adjustment group to the opposite of
the maximum limit or the mimmum limit (e.g., the weight
update unit 12 sets the current adjustment group to the
minimum limit when 1t has reached the maximum limit; the
weight update unit 12 sets the current adjustment group to
the maximum limit when it has reached the minimum limait),
then sets the next group on the left as the current adjustment
group, and transmits the carry signal or the borrow signal to
the next group that has been set to the current adjustment
group, wherein the next group 1s closer to the most signifi-
cant group.

In Step 505, when the current adjustment group before
adjustment has not reached the maximum limit or the
minimum limit and can be adjusted, the weight update unit
12 adjusts the current adjustment group according to the
carry signal or the borrow signal and completes this neural
network weight adjustment.

In Step 506-507, when the weight update unit 12 deter-
mines that the current adjustment group 1s the most signifi-
cant group G7 of the mantissa group and the most significant
group before adjustment has reached the maximum limait or
the minimum limit and cannot be adjusted, the weight
update unit 12 increases the exponent group G_EXP and
move all the mantissa groups to the rnight by at least one
digit.

In Step 508, when the weight update umt 12 determines
that the current adjustment group 1s the most significant
group G7 of the mantissa group and the most significant
group before adjustment has not reached the maximum limait
or the minimum limit and can be adjusted, the weight update
umt 12 adjusts the most significant group G7 according to
the carry signal or the borrow signal.

In Step 509, the weight update unit 12 determines whether
the most significant group G7 1s zero after adjustment to
determine whether to shift the mantissa groups with non-
zero values to the left by one group to enhance the precision
of the mantissa digits. In Step 510, when the weight update
unit 12 determines that the most significant group G7 1s zero
alter adjustment, the weight update unit 12 decreases the
exponent group G_EXP, shifts all the mantissa groups
toward the most significant digit by one group (e.g., shift the
groups (G6-G0 to the groups G7-G1, respectively), and sets
the least significant group G0 to zero, and completes this
neural network weight adjustment. When the weight update
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unit 12 determines that the most significant group G7 1s not
zero after adjustment, then this completes the neural net-
work weight adjustment operation.

Operations regarding the weight update unit 12 to perform
neural network weight adjustment may be summarized into
a weight adjustment process 60 as shown 1 FIG. 6. The
weight adjustment process 60 may be compiled mto a
program code and stored 1n a memory device, and config-
ured to imstruct the weight update unit 12 to perform the

following steps.

Step 600: Start.

Step 601: Adjust a neural network weight before adjust-
ment according to weight adjustment value to generate a
neural network weight after adjustment, wherein the neural
network weight before adjustment, the weight adjustment
value and the neural network weight after adjustment are
represented by standard floating-point numbers.

Step 602: Convert a mantissa of the neural network
weight after adjustment from the standard floating-point
number nto a FloatSD number.

Step 603: End.

In the process 60, when adjusting the neural network
weight, the weight update unit 12 may adjust the neural
network weight before adjustment W5, -~ according to
the weight adjustment value to generate the neural network
weight after adjustment W ..., wherein the neural net-
work weight betore adjustment W, ..., » ., the weight adjust-
ment value and the neural network weight after adjustment
W , . are represented by standard floating-point numbers
(Step 601); then, the weight update umit 12 converts the
mantissa of the neural network weight after adjustment
W , . Irom the standard floating-point number 1nto the
FloatSD number for the neural network to carry out follow-
ing weight adjustment value calculation and inference
operation (Step 602). Therefore, by the process 60, the exact
value of the mantissa of the neural network weight (repre-
sented by standard floating-point number) may be used to
perform weight update and non-zero digits in mantissa of the
neural network weight (represented by FloatSD numbers)
may be reduced eflectively, so as to achieve both precision
of weight adjustment and low computation complexity in
neural network inference and training.

To simplify neural network training and inference com-
putation, the present invention uses floating-point signed
digit (FloatSD) numbers to represent neural network weight
values, and uses neural network weights and neuron output
values to compute weight adjustment values during neural
network training and neural network inference computation.
As a result, the present invention can reduce the number of
non-zero digits comprised in the neural network weights,
which allows a few shift and add circuits to replace the
multiplier circuit 1n performing multiplications involving
the neural network weights, so as to reduce the computation
complexity for network traiming (for example, forward pass
computation and backward pass computation). In addition,
since the neural network has the characteristics of error
tolerance, the present invention uses two mantissa groups
along with the exponent group, which reduces the number of
non-zero digits of the neural network weights, to perform
neural network inference computation, forward pass com-
putation and backward pass computation. As a result, the
computation complexity for multiplications between the
neuron activation and the neural network weight can be
simplified, so as to reduce the computation complexity,
memory access, as well as hardware power consumption of
neural network training and inference.
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Those skilled 1n the art will readily observe that numerous
modifications and alterations of the device and method may
be made while retaining the teachings of the invention.
Accordingly, the above disclosure should be construed as
limited only by the metes and bounds of the appended
claims.
What 1s claimed 1s:
1. A method of tramning a neural network, for a neural
network, comprising:
using a floating-point signed digit number to represent a
neural network weight of the neural network, wherein
a mantissa of the neural network weight 1s represented
by multiple mantissa signed digit groups, and an expo-
nent of the neural network weight 1s represented by an
exponent digit group;
using the exponent digit group and at least one of the
multiple mantissa signed digit groups of the neural
network weight to perform weight adjustment compu-
tation and neural network inference computation;

using the exponent digit group and the at least one of the
multiple mantissa signed digit groups of the neural
network weight in the neural network to compute a
welght adjustment value of the neural network weight;

adjusting the neural network weight according to the
welght adjustment value to generate a neural network
weilght after adjustment, wherein the weight adjustment
value 1s represented by a standard floating-point num-
ber, the neural network weight, and the neural network
weilght after adjustment are represented by the floating-
point signed digit numbers; and

converting the weight adjustment value from the standard

floating-point number into the floating-point signed
digit number, wherein the weight adjustment value
indicates at least one group, and each of the at least one
group corresponds to at least one carry signal or at least
one borrow signal, the neural network weight is {first
adjusted 1n the mantissa of the neural network weight
followed by adjustment of the exponent of the neural
network weight, and the adjustment of the mantissa
part proceeds orderly from a current adjustment group
in the multiple mantissa signed digit groups toward a
most significant group of the multiple mantissa signed
digit groups,

wherein said adjusting the neural network weight accord-

ing to the weight adjustment value comprises:

determining the current adjustment group of the neural
network weight according to the weight adjustment
value;

generating at least one carry signal or one borrow
signal according to the weight adjustment value and
transmitting the at least one carry signal or one
borrow signal to the current adjustment group;

when the current adjustment group 1s determined not
the most significant group of the multiple mantissa
signed digit groups, determinming whether the current
adjustment group has reached a maximum limit or a
mimimum limit and cannot be adjusted according to
the carry signal or the borrow signal; and

when the current adjustment group 1s determined the
most significant group of the multiple mantissa
signed digit groups, determining whether the most
significant group has reached the maximum limit or
the minimum limit and cannot be adjusted according
to the carry signal or the borrow signal, and

wherein the current adjustment group 1s determined the
most significant group of the multiple mantissa signed
digit groups, determining whether the most significant
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group has reached the maximum limit or the minimum into the floating-point signed digit number, to generate
limit and cannot be adjusted according to the carry the neural network weight represented by the tloating-
signal or the borrow signal comprises: point signed digit number.

3. The method of claim 1, wherein when the current

5 adjustment group 1s determined not the most significant
group of the multiple mantissa signed digit groups, deter-
mining whether before adjustment the current adjustment

when determined the current adjustment group has
reached the maximum limit or the minimum limait
and cannot be adjusted, increasing the exponent digit
group and moving all the mantissa signed digit

_ s group has reached the maximum limit or the minimum limait
groups toward right by at least one digit; and cannot be adjusted according to the carry signal or the
adjusting the most significant group according to the borrow signal comprises:
carry signal or the borrow signal; and 'Y When determined before adjustment the current adjust-
determining whether after adjustment the most signifi- ment group has reached the maximum limit or the
cant group is zero to determine whether to adjust the minimum limit and cannot be adjusted, setting the
multiple mantissa signed digit groups, said determin- current adjustment group to an opposite limit (the
ing whether after adjustment the most significant 5 minimum limit or the maximum l?mit); setting a next
group 1s zero to determine whether to adjust the group on the left as the current adjustment group; and
multiple mantissa signed digit groups comprising: transmitting the. carry signal or the bOI_TOW signal to the
when determined after adjustment the most signifi- new current adjustment group, wherein the next group

on the left 1s closer to the most significant group than
the current adjustment group; and

when determined before adjustment the current adjust-

ment group has not reached the maximum limit or the
minimum limit and can be adjusted, adjusting the
current adjustment group according to the carry signal
or the borrow signal.

4. The method of claim 1, wherein the weight adjustment
value 1s generated by a computation mvolving the exponent
digit group and the at least one of the multiple mantissa
signed digit groups of the neural network weight and a
neuron output value of the neural network, wherein the
neuron output value 1s represented by a fixed-point number
or a tloating-point number.

cant group 1s zero, decreasing the exponent digit
group; moving the multiple mantissa signed digit 2¢
groups other than the most significant group
toward the most significant group by one group;
and setting the least significant group of the mul-
tiple mantissa signed digit groups to zero; and

when determined after adjustment the most signifi- 75
cant group 1s not zero, not adjusting the multiple
mantissa signed digit groups.

2. The method of claim 1, wherein the neural network
weilght before adjustment, the weight adjustment value, and
the neural network weight after adjustment are represented 3¢
by standard floating-point numbers, further comprising:

converting the mantissa of the neural network weight after

adjustment from the standard floating-point number S I T
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