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Background:

In atypical neura network, a set of inputs is operated on by a series of nonlinear
elements called neurons. This network of neurons produces a set of outputs based on
these inputs. Neural networks have many practical applications, which mostly stem from
the fact that the strength of a neural network is its ability to identify salient features from
large data sets. Typical applications are data compression, facial recognition, trend
anaysig/prediction, etc.

The neurons are usually arranged in architectures that support the function that
they are expected to perform. On a basic level each neuron’s connection to another
neuron or input carries with it some strength, or weight. Whenever an input arrives at a
neuron, it is multiplied by this connection weight.

Typical neurons (in the computational sense) multiply each input by a connection
weight and add up all of these weighted inputs. This sum is usually sent through an
activation function to determine whether or not a neuron will fire (or to what degree).

While such networks exist primarily as software and computer models, some have
been hardwired into circuits as well as IC’'s. Severa neura net chips exist on the market
today. Some of these chips operate as analog devices by running below threshold on the
transistors thereby gaining continuous properties instead of discrete properties afforded
by CMOS transistor logic. Other chips, however, do use purely the digital capacity of
CMOS to execute a network; and yet others use hybrids between the two to create a more

robust design.
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Functional Overview:

We accomplished the design and implementation of our neural network through a
good degree of analogizing processes that take place in a neuron to processes that we felt
we could replicate efficiently on a chip. We felt efficiency, in terms of space, was
important because we wanted to fit as many neurons as possible onto this chip.

Since we wanted our neural network to be able to be used for different
applications, we decided to fully connect each layer to the next layer. This means that
each of the five inputs to the network is connected to each of the 5 neurons in the first
layer.

To accomplish the weighting function performed by typical neurons, we decided
to perform logical operations on each of the inputs to the neuron with known values
(weights, in other words). We accomplished this by storing our binary connection
weights in flops. We decided to implement these “connection weights™ at the individual
neuron because it eliminated the need to have one central memory holding all weights for
the whole network. Each input to each neuron has two weights associated with it. The
first weight is NAND-ed with the input, and the output of this operation is XOR-ed with

the second weight.
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The reason for including both of these operations is that they provide us with

more flexibility in how the neuron deals with the input. The above schematic shows the

hardware we are using to weight each input to each input. The following truth table

illustrates the advantages of using two weights instead of one.

Weightl | WeightO | Input | Output
0 0 0 1 vdd
I
0 0 1 1 e >
0 1 0 0
> Gnd
0 1 1 0 6 S
1 0 0 1 -
—p
1 0 1 0 »' '
1 1 0 0
P Wire
1 1 1 1

As you can see, each independent set of two weights passes a different input to the

neuron’s activation function.

Our neuron’s activation function is the NORS. Each neuron weights each of its

five inputs separately and then NORS5-s them all together. Now, given the above scheme

for the four different possible weights that an input can be subject to, we can develop

some insight as to how all the neurons should be weighted in order to produce a desired

output from a given input.
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For example, since the NOR is only high when al inputs to it are low, if we want

to tell it to ignore an input, we tie the weighter corresponding to that input to ground (not
physically but by giving it aweight of 01). Another example would be if we wanted to
turn a neuron into a NOR5, we would just give all the weighters in the neuron the weight
11. Thiswould tell the weighter to pass all five inputs to the neuron on to the NORS at
the end. More details about this functionality are given in the simulation section.

So far we have ignored how the weights are given to the neural network. Each
flop (storing one weight) in addition to having its output connected to alogic gate also
has its output connected to the next flop. In thisway, al of the flops al over the chip
form a distributed shift register. The first flop on the chip will accept the weights to be
shifted in, and as the chip (shift register) is clocked, the data will move through until all
150 weights have been shifted into the chip. Since the clock is spread over almost the
entire chip, we are using 2-phase clocking with no overlap to ensure that all weights are
properly shifted in without any data corruption. The downside of thisis that to change a
single weight you must shift in all the weights again, however, since there are only 150
weights, this shouldn’t be too laborious using any sort of controller with a clock rate of a
couple of hertz or more.

In short our design uses several abstractions from a continuous model of neural networks.
Through appropriate choices for our weights we can perform various functions with our
neuron. Our network consists of 3 layers (stack of 5 neurons) that are fully connected in
order. That is, the inputs are fully connected to layer 1; layer 1 isfully connected to layer
2; etc. Each neuron’s output is the NOR of the weighted inputs. The weights are input to

the chip by means of a distributed shift register.



Chip Floorplan:
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This floor plan excludes the pad frame for the chip. The outer dimensions of this

floorplan include al of the facets in the core of our chip. This floorplan shows the biggest

facets in the core. The first layer is dissected to show the neurons, and the first neuron is
dissected to show the components. The weighter islaid out in a data path style. Within

the data path are two flops, ore NAND, and one XOR, which are not shown. Also, within

the flop are two latches clocked separately. Thee are also not shown to keep the floorplan

readable.
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Chip Pinout:
Power
Vad
Input i
ph 1 '
Input
ph 2
Input - |
Datain
Input
In1
Input Output
InZ ot 1
Input L
In3 = | Output
Out 2
Ian_Jt Oytput
In4 Out3
Input l Output
In5 out4
Output
Out5
e R SR
Input Output
ring Ring Grounc ggg'“gu
enable output | Gnd

Description: To input weights put the weights (last weight first) on Data in while
clocking ph_1 and ph_2. The five inputs to the network are inputs In 1 — In 5. The output
of the weight shift register comes on data out. The five outputs of the network are Out 1 —
Out 5. At the bottom, a small ring oscillator is provided for test purposes. Set ring enable
to high to turn on the oscillator. We expect the frequency of the oscillator be around 230
MHz.



Leaf Cell Details:
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Flop Layout
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PSEUDO_NORS5
Weighted—tnput 1
Weighted_input_2 ° ® Output
Weighted_Input_3 -

Weighted Input 4
Weight

Description: This facet is a pseudo nmos gate. There’s one weak pullup nmos transistor, far Ieft, which is always on. The rest of the
transistors are four timesits size. If any of them turn on, the output (left side) will go low, making a NOR gate.
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Weighter

Wi |ghil

Meuron_input

flon Data_Out

. @}_Ii: :)— —'Weighter OCutput

Description: This facet takes two ph_1 clocks and two ph_2 clocks to match the layout. The layout had two clocks so that each
weighter can snap together with the weighter above, making the clocks run as four parallel lines over each layer. The input is exported
on the far left in the middle, datain on the l€eft at the top, and data out on the left at the bottom. The output is exported on the right.
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Neuron_final_output

Neuron_data_out
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Neuron L ayout
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Layer Layout

Note: Thisisrotated to be horizontal. The inputs come in the top and the outputs come out the bottom. It is five neurons
stacked.
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Network_data_out
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Network Layout
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Ring Oscillator
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Network data in
Network 11 K Network data_out
Network 1 Bletwork data out 1
Network - Jrﬁ_%teotwork data out 2
Network _th fetwork data out 3
Network 1A Network data out 4

ph 1] Network data out 5
ph_2-

enable—magiput-ring
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Corelayout
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Top Level




Summary of Design:
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Cells Actual Actual Transistor Area / Design Time Comments
Cell Size Cell Area Count Transistor Sch (hrs.) Lay (hrs.) Tests (hrs.)
Istd_latch 80 X 77 6,160 12 513.3333333 0 0.5 0.5 modification of standard cell to use metal 2 as horizontal
2flop 169 x 77 13,013 24 542.2083333 0.5 1 1 using two modified std_latches back to back to form a flop
3std_nand2 33  x77 2,541 4 635.25 0 0.5 0.5 modification of standard cell to use metal 2 as horizontal
4XOR 855 x77 6,584 12 548.625 1.5 3 0.5some layout work required to keep within floorplan estimates
SWeighter 4355 x 77 33,534 64 523.9609375 0.5 6 2 quite a lot of layout work to ensure snap-together-ness
gPsudo-NOR5 46.5 x 380.5 17,693 6 2948.875 0.5 2 0.5 weird size and shape to fit the height of the whole neuron
7Neuron 529.5 x 385 203,858 326 625.3297546 0.75 4 2.5 also had to ensure the ability of neurons to snap together
gLayer 609.5 x 1952 1,189,744 1630 729.9042945 0.5 2.5 0.5 pretty quick, involved zipping together neurons
9INetwork 1841 x 2001 3,683,841 4890 753.3417178 0.25 2 0 three layers placed side by side, with a few connections
10Ring Oscillator 162.5 x 77 12,513 20 625.625 0.25 0.5 0.5
11Core 1841 x 2086.5 3,841,247 4910 782.3312627 0.25 0.75 1.5
12Top 2754 x 2754 7584516 1.25
Totals: 5 24 10 Total Design Time: 39 hrs.

Thisis the summary of how much time we spent actually working with electric for the chip. We actually spent quite a bit of
time on developing the concept of how we could best perform the functions of a theoretical neural network given our limited
hardware, experience, and time. We were unable to actually figure out the transistor count of the pad frame and so those entries are
left blank on our table. Part of what contributes to the dlightly high (for a datapath) area per transistor is the fully connected nature of
our network. Thisinvolved quite afew big wires, which do wonders at increasing the area of our layout without changing our
transistor count.
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Simulation Details:
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Result I: Thisisthe graphical output of the shifttest script (see appendix) on the core
layout. None of the assertions in shifttest failed. This test fills all 150 flops in the network
with random values. It then clocks the chip 150 times to get out all the values again and
checks to make sure that they are al correct. Y ou can see that the output pattern (left half
of the simulation, matches in the input pattern (right half of the smulation. This indicates
that our shift register at least is working properly.
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Result I1: Thisisthe output of the identtest1 script on the core layout. This test shiftsin a
pattern of weights which makes the identity network, each output value equals its
corresponding input values. Prior to the waveforms above, the 150 bits were shifted in.
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Here we can see that after the shifting, the outputs are indeed matching the inputs to the
network. None of the assertions in idnettest1 failed on this test. There are five different
identity tests, each one of which rotates the output by a different amount. Identtest2
rotates the output by 3 (1 rotation per layer).
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Design Verification:

Cells Sub-Cells Complexity Simulates DRC ERC NCC Estimated Actual
Cell Size Cell Size
lstd_latch - N/A X X X X 80 x 80 80 X 77
2fflop 1 1 X X X X 80 x 160 169 x 77
3istd_nand2 - N/A X X X X 80 x 40 33 X 77
4XOR - 3 X X X X 80 x 160 855 x77
5Weighter 1,2,3,4 4 X X X X 80 x 520 4355 x 77
6[PsudoNMOS NORS5 - 2 X X X X 80x240 46.5 x380.5
7Neuron 5,6 5 X X X X 400 x 60C 529.5 x 385
8lLayer 7 4 X X X X 2000 x 600 609.5 x 1952
9Network 8 3 X X X x 2000 x 1900 1841 x 2001
10Ring Oscillator - 2 XXX X X X XXX 162.5 x 77
11Core 9,10 2 X X XXX Gem XXX 1841 x 2086.5
12Top 10,11 3 XXX XXX XXX XXX 2754 x 2754

The different components of our system al simulate fine individually and all pass
DRC, ERC, and NCC. However, the ring oscillator, which we placed on the chip as atest
structure to be used once the chip is fabricated doesn’t pass ERC when placed in the
overall core of the chip because of its placement. Since it is crammed beneath our
network, it didn’t make sense to connect it to the power and ground in the core-level
layout. We connected it, instead, to power and ground in the top- level schematic where
power and ground are needed to enable the appropriate input and output pads. Since
power and ground were not connected to Network power and ground in the core, ERC
saw the P wellsand N wells not connected to any source of power or ground to properly
bias them against leakage into the substrate. Hence the ring oscillator made our overall
core layout fail ERC. It also failed Electric’'s NCC however, Gemini said that it was

equivalent to the schematic we provided for this layer.
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Additionally, the ring oscillator was unable to simulate properly on IRSIM. We
believe that the reason for thisis that it might be a difficult circuit for IRSIM to analyze
in terms of timing, sinceit isreally aloop that doesn’'t end and is dependent on the state
of the oscillator system at any given time.

Another point of interest is the top-level cell (facet). It failed DRC because the
pad frame is imported from Caltech Interchange Format to Electric and is hence
described in terms of pure layers. This does not fit with Electric’s schema for performing
DRC. ERC was never able to go through to completion without crashing Electric on the
Top-level layout, and NCC was impossible to run as well since we were not provided
with a schematic for the pad frame.

When we proposed the project, we hadn’'t proposed to put aring oscillator on the
core and so there is no estimated size for this. The size of the top-level layout was what
we were designing for, and our design fits comfortably inside it with enough room to
insert atest structure such as our ring oscillator.

On the basis of simulations and the checkers in electric and IRSIM, however, we
are fairly confident that our design is sound and will be able to perform its functionsin a

satisfactory manner.



Smith & Maitra 29

Test Plan:

The plan for the testing procedure of our chip after fabrication is as follows:
Use the ring oscillator structure on the chip with the enable tied to Vdd and
measure the output with an oscilloscope. We expect to see a (probably
deformed) square wave output at approx 230 MHz. We are using a 9-stage
oscillator that has a pretty high frequency, but it is still within the upper limits
of the measuring capacity of the oscilloscopes available to usin the
electronics lab at Harvey Mudd College.
Upon confirmation that the chip is not defective (as confirmed by step 1), the
shift register’s functionality should then be tested by physically performing
the functions of the program shifttest which isincluded in Appendix A.
Shifttest shifts into the large register arandom sequence of 150 weights, and
tests them to make sure that they are shifted out properly and uncorrupted.
Once the functionality of the shift register is assured, the first step will be to
try to replicate the results of the program identtest1 (see Appendix A). This
program shifts in the appropriate weights to allow the network to replicate an
input pattern. It should be noted that the chip is entirely combinational once
the weights have been shifted in. The clock’s sole purpose is for the purpose
of moving data through the shift register.
Thisisagood starting point because it is arelatively ssimple pattern to
diagnose troubles in individual neurons' circuitry. If the given input vector
doesn’t match the given output vector, there is a problem. The neuron, but not

the layer at fault can be pinpointed using one-hot encoded vectors. Further
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application of the proper weights and vectors should allow the tester to
diagnose the neuron/layer at fault. If necessary, weights in other neurons may
be adjusted to accommodate the failure of afew neurons. We can treat the
output of the neuron as an “ignore” by weighted its respective input at all
connected neurons with 01.

Once appropriate neurons are determined to be functional, executing® any of
the following programs on the chip will more thoroughly test functionality of
the combinational logic on the chip: identtest2, identtest3, identtest4,
identtest5 (see Appendix A). These al cause each layer to barrel shift the
input pattern by a fixed amount. | denttest2 barrel shiftsthe input by 1 place at
each layer for atotal shift of three dots. Likewise, identtest3 barrel shifts the
input pattern by 2 places at each layer for atotal of 6 places. This pattern of
incrementing the shift amount per layer continues through identtest5.
Finally, upon successful completion of these tests, we may look at more
logically complex functions. It should not be hard to write a program to teach
the neural network to accomplish atask using a Boltzmann learning
algorithm. This involves providing an input and desired output, and randomly
switching weights to decrease the overall “Energy” function of the system.
More investigation is definitely required to do this kind of training. However,
provided in Appendix B is aMatlab description of a Neural Network that was
written to describe this particular network. So, if one wanted to simulate the

results provided by such atraining program without actually having to load
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weights onto the chip, they should run the set of weights given by their
training program into the provided Matlab code and try different test vectors
to see whether or not the training program has given an accurate set of weights

to perform the particular application.

11t should be noted that by program execution, we mean to actually hook up a processor to shift in the
appropriate weights given in the program and then physically providing the necessary inputsto the chip and
measuring the outputs.
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Appendix A:Test Files

| Network_data_in

c

h Network _data_in

c

———————————————————————— buff-----
I Network_data_in

c

I Network data_in

c

------------------------ one------
h Network _data_in

c

I Network_data_in

c

------------------------ zero-----
h Network_data_in

c

h Network _data_in

c

------------------------ checkbuf f
assert Network data_out 1

c

assert Network data out 1

c

------------------------ checki nv-
assert Network data out O

c

assert Network data_out 1

c

------------------------ checkone-
assert Network_data_out O

c

assert Network data out O

c

------------------------ checkzero
assert Network data_out 1

c

assert Network data out O

c

------------------------ initclock
clock ph_1 1000

clock ph_2 0010



@initcl ock

@ zero
@ zero
@ zero
@ zero
@ zero

@ one
@ zero
@inv
@ zero
@inv

@ buf f
@inv
@ zero
@inv
@ one

@inv
@ buf f
@inv
@ zero
@ zero

@ zero
@ one
@ buf f
@inv

@ zero

@ zero
@ buf f
@ buf f
@ zero

@inv

@ zero
@ buf f
@ zero
@ buf f
@ zero

@ buf f
@ one
@ one
@ zero
@inv

@ zero
@ buf f
@ buf f

@ one
@ one

@ zero
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@ zero
@ one
@ buf f
@ zero

@ zero
@ buf f
@ zero
@ one
@ one

@ zero
@ buf f
@ zero
@inv
@inv

@ zero
@ zero
@inv
@inv
@ buf f

@ zero
@inv
@inv
@ buf f
@ buf f

@inv
@ one
@inv
@inv
@inv

@ checkzero
@ checkzero
@ checkzero
@ checkzero
@ checkzero

@ checkone
@ checkzero
@ checki nv
@ checkzero
@ checki nv

@ checkbuf f
@ checki nv
@ checkzero
@ checki nv
@ checkone

@ checki nv
@ checkbuf f
@ checki nv
@ checkzero
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@ checkzero

@ checkzero
@ checkone
@ checkbuf f
@ checki nv
@ checkzero

@ checkzero
@ checkbuf f
@ checkbuf f
@ checkzero
@ checki nv

@ checkzero
@ checkbuf f
@ checkzero
@ checkbuf f
@ checkzero

@ checkbuf f
@ checkone
@ checkone
@ checkzero
@ checki nv

@ checkzero
@ checkbuf f
@ checkbuf f
@ checkone
@ checkone

@ checkzero
@ checkzero
@ checkone
@ checkbuf f
@ checkzero

@ checkzero
@ checkbuf f
@ checkzero
@ checkone
@ checkone

@ checkzero
@ checkbuf f
@ checkzero
@ checki nv
@ checki nv

@ checkzero
@ checkzero
@ checki nv
@ checki nv
@ checkbuf f

@ checkzero
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@ checki nv
@ checki nv
@ checkbuf f
@ checkbuf f

@ checki nv
@ checkone
@ checki nv
@ checki nv
@ checki nv
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@ | ayeridentl
@1 ayeridentl
@ | ayeridentl



@ | ayeri dent 2
@ | ayeri dent 2
@ | ayerident2

@ | ayerident3
@ | ayerident3
@ | ayerident3

@ | ayeri dent 4
@ | ayeri dent4
@ | ayeri dent4

@ | ayeri dent5
@ | ayeri dent5
@ | ayeri dent5

@initcl ock
@netidentl
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I Network_in_1 Network_in_2 Network_ in_3 Network_ in_4 Network in_5

S

S

assert
assert
assert
assert
assert

Net work_out 1
Net wor k_out _2
Net wor k_out _3
Net wor k_out _4
Net wor k_out _5

h Network_in_1

S

S

assert
assert
assert
assert
assert

Net work_out 1
Net wor k_out _2
Net wor k_out _3
Net wor k_out _4
Net wor k_out _5

h Network_in_2

S

S

assert
assert
assert
assert
assert

Net work_out 1
Net wor k_out _2
Net wor k_out _3
Net wor k_out _4
Net wor k_out _5

h Network_in_3

S
S
assert
assert

Net work_out 1
Net wor k_out _2

CQOORrPk [eoNeNoNal 2 [oNeoloNeNe

e



assert
assert
assert

Net wor k_out _3
Net wor k_out 4
Net wor k_out _5

h Network_ in 4

S

S

assert
assert
assert
assert
assert

Net wor k_out _1
Net wor k_out _2
Net wor k_out _3
Net wor k_out 4
Net wor k_out _5

h Network _in_5

S

S

assert
assert
assert
assert
assert

Net wor k_out _1
Net wor k_out _2
Net wor k_out _3
Net wor k_out 4
Net wor k_out _5

| Network_ in_1

S

S

assert
assert
assert
assert
assert

Net wor k_out _1
Net wor k_out 2
Net wor k_out _3
Net wor k_out _4
Net wor k_out _5

I Network_ in_2

S

S

assert
assert
assert
assert
assert

Net wor k_out _1
Net wor k_out 2
Net wor k_out _3
Net wor k_out _4
Net wor k_out _5

I Network_in_3

S

S

assert
assert
assert
assert
assert

Net wor k_out _1
Net wor k_out 2
Net wor k_out _3
Net wor k_out _4
Net wor k_out _5

I Network_in_4

S
S
assert
assert
assert

Net wor k_out _1
Net wor k_out 2
Net wor k_out _3

ORrRRR coor

PR R R R

PR, OOO PR ROO PR RRO

[oNeNe]
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assert
assert

Net wor k_out _4
Net wor k_out 5

| Network_in_5

S

S

assert
assert
assert
assert
assert

I Network _in_1 Network_in_3 Network_ in_5

Net wor k_out _1
Net wor k_out _2
Net wor k_out _3
Net wor k_out _4
Net wor k_out 5

]

[oNeoNoNoNe]

h Network _in_2 Network_ in_4

S

S

assert
assert
assert
assert
assert

h Network in_1 Network in_3 Network_ in_5

Net wor k_out _1
Net wor k_out _2
Net wor k_out _3
Net wor k_out 4
Net wor k_out _5

OPFrOrOo

I Network _in_2 Network_ in_4

S

S

assert
assert
assert
assert
assert

Net wor k_out _1
Net wor k_out _2
Net wor k_out 3
Net wor k_out _4
Net wor k_out _5

@initcl ock
@ netident 2

RPOROR
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I Network_in_1 Network_in_2 Network_in_3 Network_in_4 Network_in_5

S

S

assert
assert
assert
assert
assert

Net wor k_out _1
Net wor k_out _2
Net wor k_out _3
Net wor k_out _4
Net wor k_out _5

h Network_in_1

S

S

assert
assert
assert
assert
assert

Net wor k_out _1
Net wor k_out _2
Net wor k_out _3
Net wor k_out _4
Net wor k_out _5

h Network_in_2

S
S

oNeoNoNoNe

(ol NeolNoNel



assert
assert
assert
assert
assert

Net wor k_out _1
Net wor k_out 2
Net wor k_out _3
Net wor k_out _4
Net wor k_out _5

h Network_in_3

S

S

assert
assert
assert
assert
assert

Net wor k_out _1
Net wor k_out 2
Net wor k_out _3
Net wor k_out _4
Net wor k_out _5

h Network_in_4

S

S

assert
assert
assert
assert
assert

Net wor k_out _1
Net wor k_out 2
Net wor k_out _3
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h Network_in_2 Network_in_4
S

S

assert Network_ out 1
assert Network out 2
assert Network out_3
assert Network_ out_4
assert Network_out_5
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assert Network out 1 O

assert Network out 2 1

assert Network out 3 1

assert Network out_4 0

assert Network out 5 1

———————————————————— testal | -------------mmmme

@shifttest

prl nt EE R I R I S R I R R R I I R R R O R

print shift test conplete

prl nt ESE R S R I S I I R I I R R S R R R R O O

@identtestl

pr-l nt LSRR I I I I I O R O I S

print identtestl conplete

pl’l nt LR R RS EEREEREEEEREEEREEEEEREEREEEEREESEEREEEEEREEERE SRS SRS EREEER]

@identtest2

prl nt EE R I R I R I I R I I R R R I R R R R O R

print identtest2 conplete

prl nt ESE R S R I S I I R I I R R S R R R R O O

@identtest3

pl’l nt LR R RS SRR SRR SRR SRR EEEEEREEEEREEEEREEEEEERESEEREEERE SRS EREEER]

print identtest3 conplete

pl‘l nt khkkkdkhkkhhkhhdrrdhbhrrkdkrrdhbrhkdbhrrdhrrrkdbrrddbrrkdbrrdrbrhkdhrxddxxrdxx

@identtest4

prl nt ESE R S I S R I O I R I R R S R I R R R O O

print identtest4 conplete

prl nt EE R S O I I S O I R S I R R I S R I S R O

@identtest5

pl’l nt LR R R R EREREEREEEEREEEREEEEEREEREEEEREESEEREEEEEREEERE SRR SRR EREEER]

print identtest5 conplete

prl nt EE R R R I R I R R R R I R R R O
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Appendix B: Matlab Simulation

We wrote a simulation of our network in matlab. The hope was that we would be
able to train this ssimulation in matlab and then write the learned weights onto the chip,
thus getting around the fact that our chip has no hardware learning. Unfortunately, we
were not able to easily adapt any of matlab’s neuron net training functions to our
network. We had hoped that we could train the network through some sort of stochastic
model, or through genetic programming, however we were unable to implement the
training due to time constraints. We are providing the simulation here for future use.

Notes. The simulation represents each two bit weight in the hardware as an integer
ranging from O to 3. The most significant bit of the integer is the bit that isNANDed in
hardware, the least significant bit is the bit that is XORed. Thus for an input a

Weight Output
0 1

1 0

2 ~a

3 A

To create a network, use:
net = newbi n(#i nputs, |ayervector);

where layervector is of the form [#inputs #inputs #inputs ...]

To create the network we defined in hardware, you call:
net = newbin(5,[5 5 5]);

To simulate, use:

results = simnet, [inl_1inl1 2; in2_1in 2_2; in3_1in3_2; ind4d_1 in
4_2; in5_1in5_2]);

The values separated by spaces are different trials, the values separated by semicolons are
different inputs.

This simulation is built in the neural nets package in matlab. The weights for the
first layer are stored in the matrix net.IW{1}. The weights for subsequent layers are
stored in net.LW{layer, layer+1}. This is because these weights specify the weights
connecting that layer to the next layer.

To use this simulation, place the following files in one directory and start matlab
from that directory (unix).




File: ourweight.m
function output =
%r oduce an out put

if isstr(weights)
swi t ch(wei ghts)
case 'deriv'
out put = 'undefi ned'
ot herwi se
error (' unrecogni zed code.")
end
return
end

[ w ows wcol s]
[irows icols]

si ze(wei ghts);
si ze(i nputs);

our wei ght (wei ght s,
usi ng our speci al
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i nputs)
little weight function

for row=1:w ows
for col = 1:icols
oredWei ghts = 0;
for i=1:wcols
swi tch(weights(row, i))
case O
wei ght edQut put = 1;
case 1,
wei ght edQut put = 0;
case 2,
wei ght edOut put = not (i nputs(i, col));
case 3;
wei ght edQut put = inputs(i,col);
ot herw se
meg = sprintf('invalid weight: %', weights(rowi))
error(msg);
end
oredWei ghts = oredWights | wei ghtedQut put;
end
output (row,col) = not(oredWights);
end

Filenetnor.m
function n = netnor(varargin)
n = varargi n{1};
if isstr(n)
switch n
case 'deriv',
n = 'undefined';
ot herwi se
error (' Unrecogni zed code.")
end
return
end

for i=2:1ength(varargin)



Smith & Maitra 53

n=n/| varargin(i);
end
% = not(n);

Filee newbin.m

function net = newbi n(num nputs, |ayers)
%reate a binary neural network
%met = newbi n(num nputs, |ayers)
% layers is a 1 by n matri x where each elenent is the size of a |ayer
nunLayers = | ength(layers)
if isa(layers,'cell') & (prod(size(layers)) == length(layers))
| ayers = [layers{:}];
end

%structure

net = network(1, nunLayers);
net . bi asConnect = zeros(nuniayers, 1);
net.input Connect(1,1) =1

[j,i] = meshgrid(1l: nunLayers, 1: nunLayers);
net .l ayerConnect = (j == (i-1))
net . out put Connect ( nurmiLayers)

1
net .t ar get Connect (nunmiLayers) 1;

%si mul ati on
net.inputs{1}.range = repmat ([0 1], num nputs, 1);
for i=1:nunmLayers

net.layers{i}.size = layers(i);
net.layers{i}.transferFcn = 'purelin';

end

net. perfornfFcn = 'nse';

%Adapt i on

% dunno figure this out laters

% raining

%neh

%Wnitialization

net.initFcn = "initlay';

for i=1:numLayers
net.layers{i}.initFcn = "initwb';
net.layers{i}.netlnputFcn = 'netnor';

end

net.i nput Wi ghts{1,1}.initFcn="initzero'
net . i nput Wei ghts{1, 1} . wei ght Fcn=" our wei ght "' ;
for i=2:nunmLayers

net.layerWei ghts{i,i-1}.initFcn="initzero'
net.l ayerWei ghts{i,i-1}.wei ght Fcn="ourwei ght";
end

net = init(net);



