Composition Example

Two Bit Multiplier

A two bit multiplier design is composed in terms of

connecting correspondingly named component
boundary tokens

and is analyzed by
tracking the evolving boundary specifications,
flow relations and

closure equations
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Language specification ~ TWO bit multiplier design

twobitmul(A, B -> p){

flow [A, B] -> p;

token dual{0,1};

token (A[0,1], B[O,1], p[0-3])[dual];
token (parpO, parpl, parp2, CO1)[dual];
AND(A/0O, B/0 -> p/0);

AND(A/0, B/1 -> parpO0);
AND(A/1, B/0 -> parpl);
AND(A/1, B/1 -> parp2);
HA(parpO, parpl -> p/1, CO1);
HA(CO1, parp2 -> p/2, p/3);

}

components

Al0— —LAND

A/l
B/0O halfadd
B/1 1|_Ml_ _I?Ol

arp2

AND

Component circuits

p/0

p/1

— p/2

— p/3

AND(A, B -> Z){ //AND

token (A, B, 2){0,1};

flow [A, B] -> Z;

{[A/O, B/0], [A/O, B/1], [A/1, B/O]} -> Z/0;
[A/1, B/1] -> Z/1;

}

close A <- #Z;
close B <- #Z;
close Z <- #7?;

A0 =
All m—

B/OQ
ST —

HA(A, B -> S, CO){ /I half adder
token (A, B, S, CO){0,1};

flow [A, B] -> [S, CO];

{[A/O, B/0], [A/1, B/1]} -> S/O;
{[A/O, B/1], [A/1, B/O]} -> S/1;

{[A/0, B/O], [A/O, B/1], [A/L, BIO]} -> CO/O:

[A/1, B/1] -> CO/1;

close A <- [#S, #COJ;
close B <- [#S, #CO];
close S <- #7?;

close CO <- #7;

A0
A/ —

B/0 e

B/ st

half-adder '@_

@ <]
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The composition method

Vet primitive components:
orphan isolation (no orphans cross the boundary),

completeness fulfilliment (flow relation, closures, equations and boundary all
match),

and flow sufficiency (if the input flow relation is met the output flow relation will
be fulfilled).

Composition step:

Connect correspondingly named boundary token half oscillations forming a
closed internal oscillation.

Merge remaining boundary tokens into the single boundary of the new component.
Merge closure equations

Validate the connection as deadlock free, race free and flow sufficient by
tracking the boundary evolution.

A validated flow network grows, validated connection by validated connection.

If the composed result matches the specification and no errors or ambiguities were
reported then the specified flow network is implemented and validated
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Connect parpl:

twobitmul(A, B -> p){

flow [A, B] -> p;

token dual{0,1};

token (A[0,1], B[O,1], p[0-3])[dual];
token (parpO, parpl, parp2, CO1)[dual];
AND(A/0, B/0 -> p/0);

AND(A/O, B/1 -> parp0);
AND(A/1, B/0 -> parpl);
AND(A/1, B/1 -> parp2);
HA(parpO, parpl -> p/1, CO1);
HA(CO1, parp2 -> p/2, p/3);

}

source component
AND(A/1, B/O -> parpl);

A/1/Q ==
A/L]]
&=

B/0/0 parp1/0

B/0/1 s

parpl/1

source component
AND(A/1, B/O -> parpl);

A/1/0

AlL]]
O

parp1/0

The Composition

destination component
HA(parpO parpl -> %1 COl);
parp0/0 = 2 1 p/1/0

01
1 QL p/1/1

10
PArP1/0 e 2

Cco1/0
11 ( iE
2 -@— — CO1/1
half-adder

destination component
HA(parpO, parpl -> p/1 & CO1);

parp0/1 o 2

PArpl/] e—m—

parp0/Q

p/1/0

2 QL p/1/1

parp0/]

B/0/Q e

B/0/] s parpl/1

2 E CO1/0
-@— = CO1/1
<]

half-adder

closed oscillation
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Connect parpl: The Symbolic Analysis

twobitmul(A, B -> p){ If parpO and parpl are present then p/1 and CO1 will flow.

flow [A, B] -> p; If A/1 and B/0O are present then parpl will flow.

token dual{0,1}; Therefore, if A/1 and B/0 and parpO are present at the new input

token (A[0,1], B[0,1], p[0-3])[dual]; boundary then p/1 and CO1 will flow

token (parpO, parpl, parp2, CO1)[duall; ) _

AND(A/0, B/O -> p/0); source component destination component
AND(A/0, B/1 -> parpO0);

AND(A/1, B/O -> parpl); AND(A/1, B/O -> parpl); HA(parpO, parpl -> p/1, CO1);
AND(A/1, B/1 -> parp2); flow [A/1, B/O] -> parpi; flow [parp0, parpl] -> [p/1, CO1];
HA(parpO0, parpl -> p/1, CO1); close A/l <- #parp1l; close parp0 <- [#p/1, #CO1];
HA(CO1, parp2 -> p/2, p/3); close B/0 <- #parp1; close parpl <- [#p/1, #CO1];

} close parpl <- #?; close p/1 <- #?;

close CO1 <- #7?;

The boundaries are merged, minus \ /
parpl, to form a single boundary of a

new network component boundary composition

(A/l B/0, parp0 -> p/1, CO1){
low [A/1, B/O, parp0] -> [p/1, CO1];
AND(A/l, B/0 -> parpl);
The AND flow relation [parpO0, parpl] HA(parpO, parpl -> p/1, CO1);
In the destination component Close AL <- #parpl:
propagates to the new boundary, minus close B/O <- #parpl:

parpl, as [A/1, B/0O, parp0O] osc parpl <- [#p/1, #CO1];
close parpO <- [#p/1, #CO1];
close p/1 <- #?;
close CO1 <- #7;
Closures are merged

parpl becomes internal oscillation

Each component is certified as flow sufficient and the composition did not
introduce any deadlock, race or behavior ambiguity so the new network
component is flow sufficient with the new boundary flow relation
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Connect parp0: The Composition

twobitmul(A, B -> p){

flow [A, B] -> p;

token dual{0,1};

token (A[0,1], B[0,1], p[0-3])[dual];
token (parpO, parpl, parp2, CO1)[dual];
AND(A/0, B/0 -> p/0);

AND(A/0, B/1 -> parp0);
AND(A/1, B/O -> parpl);
AND(A/1, B/1 -> parp2);
HA(parp0, parpl -> p/1, CO1);
HA(CO1, parp2 -> p/2, p/3);

}

source component
AND(A/O, B/1 -> parp0);

AJ0/0
A/O/1

parp0/0

B/1/0

B/1/1

clos_ed _
oscillation

destination component
HA(A/1, B/0O parpO -> p/l & CO1);

parp0/0
: p/1/1
Co1/0
Q— coi1i1

A/1/0 p/1/0

AlL]]
&=

parp0/1

parp1/0

@ parpl/1 — 11

B/0/Q e

B/0/] s

half-adder
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Connect parp0: The Symbolic Analysis

If A/1 and B/0 and parpO are present then p/1 and CO1 will flow.

twobitmul(A, B -> p{ If A/O and B/1 are present then parpO will flow.

flow [A, B] -> p; Therefore, if A/1 and B/0 and A/0 and B/1 are present at the new input

token dual{0,1}; boundary then p/1 and CO1 will flow

token (A[0,1], B[O,1], p[0-3])[dual]; : :

token (parp0, parpl, parp2, CO1)[dual]; source component destination component
mg%g’ 02 B{%O)' AND(A/0, B/L -> parp0); (A1, B/O, parp0 -> p/1, CO1){
AND(A/l’ B/O -> parpl): flow [A/O, B/1] -> parp0; flow [A/1, B/O, parp0] -> [p/1, CO1];
HA(parpd, parpl -> p/l,’ co1); close B/1 <- #pafr)pO; HA(parpO, parpl -> p/1, CO1),
HA(COL1, parp2 -> p/2, p/3); close parp0 <- #?; _

} close A/l <- #parpl;

close B/0 <- #parp1l,;

close parpO <- [# p/1, # CO1];
osc parpl <- [#p/1, #CO1];
close p/1 <- #7?;

i . I O1 <- #7?;
The boundaries are merged, minus Cosef
parpO0, to form a single boundary of a

new network component boundary composition

(A/1, B/O, A0, B/1 -> p/1, CO1){

/ flow [A/1, B/O, A/O, B/1] -> [p/1, CO1];
: AND(A/O, B/1 -> parpO);
The AND flow relation [A/1, B/O, parp0] ANDEA/l, B/O -> BarBﬁ;
in the destination component _ HA(parpO, parpl -> p/1, CO1);
propagates to the new boundary, minus ! ose A/ <- #parol-
parpo, as [A/l, B/O, A/O, B/l] close B/0 <- #Eargl,’
close A/O <- #parpO;
close B/1 <- #parp0;
osc parpl <- [#p/1, #CO1];
Closures are merged - osc parp0 <- [#p/1. #CO1]-
parpO becomes internal oscillation close p/1 <- #?;

close CO1 <- #7?;

Each component is certified as flow sufficient and the composition did not
introduce any deadlock, race or behavior ambiguity so the new network
component is flow sufficient with the new boundary flow relation
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Connect CO1: The Composition

twobitmul(A, B -> p){

flow [A, B] -> p;

token dual{0,1};

token (A[O,1], B[0,1], p[O-3])[dual];
token (parpO, parpl, parp2, CO1)[dual];
AND(A/0, B/0 -> p/0);

AND(A/O, B/1 -> parp0);
AND(A/1, B/0 -> parpl);
AND(A/1, B/1 -> parp2);
HA(parpO, parpl -> p/1, CO1);
HA(COL1, parp2 -> p/2, p/3);

}

A/0/0
A/Q]]
&=

B/1/0

B/1/1 s

source component
HA(A/1, B/0O, A/O, B/1 -> p/1 & CO1);
o]

00
AL/ “% g =X @@ Yo destination component
e o 2 = pIL/1 HA(COL1, parp2 -> p/2, p/3);
5/0/0 ] parpl/0 S\ I\ @ CO1/0 5\ 1 @ 51210
B/0/1 mmey parp1/1|— 2 - half-adder -@LQ-LM'—.— 2 - \1/ 2 pl2/1
@ Parp2/0 s 2y 1 2 ETp/s/o
Parpfl == 2 - half-adder -@; Pt

<
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Connect CO1: The Symbolic Analysis

twobitmul(A, B -> p){

flow [A, B] -> p;

token dual{0,1};

token (A[0,1], B[0,1], p[0-3])[dual];
token (parpO, parpl, parp2, CO1)[dual];
AND(A/0O, B/0 -> p/0);

AND(A/O, B/1 -> parp0);
AND(A/1, B/O -> parpl);
AND(A/1, B/1 -> parp2);
HA(parpO, parpl -> p/1, CO1);
HA(COL, parp2 -> p/2, p/3);

}

If CO1 and parp2 are present then p/2 and p/3 will flow.

If A/1 and B/0 and A/O and B/1 are present then p/1 and CO1 will flow.
Therefore, if A/1 and B/0 and A/0 and B/1 and parp2 are present at the
new input boundary then p/1 and p/2 and p/3 will flow

source component

(A/1, B/O, A/O, B/1 -> p/1, CO1){

flow [A/1, B/O, A/O, B/1] -> [p/1, CO1];
AND(A/1, B/0O -> parpl);
HA(parpO, parpl -> p/1, CO1);

close A/l <- #parpl,;
close B/0 <- #parp1;
close A/O <- #parpO;
close B/1 <- #parp0;

osc parpl <- [#p/l, #

osc parp0 <- [#p/1, #CO1];

close p/1 <- #?;
close CO1 <- #7?;

The boundaries are merged, minus

CO1, to form a single boundary of a

new network component

The AND flow relation [CO1, parp?2] in
the destination component propagates
to the new boundary, minus COL1, as

[A/1, B/O, A/O, B/1, parp?2]

Closures are merged

/

CO1 becomes internal oscillation
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boundary composition

destination component

HA(CO1, parp2 -> p/2, p/3);
flow [COL, parp2] -> [p/2, p/3];
close CO1 <- [#p/2, #p/3];
close parp2 <- [#p/2, #p/3];
close p/2 <- #7?;

close p/3 <- #7?;

—>(A/1, B/0O, A/O, B/1, parp2 -> p/1, p/2, p/3){

flow [A/1, B/O, A/O, B/1, parp2] -> [p/1, p/2, p/3];

AND(A/0O, B/1 -> parp0);
AND(A/1, B/0 -> parpl);

HA(parpO, parpl -> p/1, CO1);
HA(CO1, parp2 -> p/2, p/3);

close A/l <- #parp1;

close B/0 <- #parpl;

close A/O <- #parpO;

close B/1 <- #parp0;

close parp2 <- [#p/2, #p/3];
osc parpl <- [#p/1, #CO1],
osc parp0 <- [#p/1, #CO1];
osc CO1 <- [#p/2, #p/3];
close p/1 <- #7?;

close p/2 <- #7?;

close p/3 <- #7?;

Each component is
certified as flow
sufficient and the
composition did not
introduce any
deadlock, race or
behavior ambiguity
so the new
network
component is flow
sufficient with the
new boundary
flow relation



A/0/0
A/Q/]
&=

B/1/0 m
B/1/] e

A/1/0
A/L]]
&=

Connect parp2: The Composition

B/0/Q

B/0/] s

twobitmul(A, B -> p){

flow [A, B] -> p;

token dual{0,1};

token (A[0,1], B[O,1], p[0-3])[dual];
token (parpO, parpl, parp2, CO1)[dual];
AND(A/O, B/0 -> p/0);

AND(A/O, B/1 -> parpO0);
AND(A/1, B/0 -> parpl);
AND(A/1, B/1 -> parp2);
HA(parpO, parpl -> p/1, CO1);
HA(COL1, parp2 -> p/2, p/3);

}

A/1/0
All/1

B/1/0

p/2/0

p/2/1

—~ destination component
HA(A/1, B/O, A/O, B/1, parp2 -> p/1, p/2, p/3);
arp0/0 o/1/0
arp0/1
ng/l/l o<
parpl1/0 Co1/0 > 00
1 = :* —
AND @_ @ e e 1 2 QL
A —pap2i0 | 2 p/3/0
parp2/1 | |
source component hal-adder -@;Eg—pm
AND(A/1, B/1 -> parp2); <)
parp2/0
parp2/1

B/1/1 s




Connect parp2: The Symbolic Analysis

If A/1 and B/0 and A/O and B/1 and parp2 are present then p/1 and p/2 and p/3 will flow.
If A/1 and B/1 are present then parp2 will flow.
Therefore, if A/1 and B/0 and A/0 and B/1 and A/1 and B/1 are present at the new input

destination component
(A/1, B/O, A/O, B/1, parp2 -> p/1, p/2, p/3){
flow [A/1, B/O, A/O, B/1, parp2] -> [p/1, p/2, p/3];
AND(A/0, B/1 -> parp0);
AND(A/1, B/0 -> parpl);
HA(parpO, parpl -> p/1, CO1);
HA(CO1, parp2 -> p/2, p/3);

boundary then p/1 and p/2 and p/3 will flow

twobitmul(A, B -> p){

flow [A, B] -> p;

token dual{0,1};

token (A[0,1], B[0,1], p[0-3])[dual];
token (parpO, parpl, parp2, CO1)[dual];
AND(A/0, B/O -> p/0);

AND(A/0, B/1 -> parpO);
AND(A/1, B/0 -> parpl);
AND(A/1, B/1 -> parp2);
HA(parpO, parpl -> p/1, CO1);
HA(COL, parp2 -> p/2, p/3);

}

The boundaries are merged

}

close A/l <- #parpl,;
close B/0 <- #parp1;
close A/O <- #parpO;
close B/1 <- #parp0;

close parp2 <- [#p/2, #p/3];
osc parpl <- [#p/1, #CO1];
osc parp0 <- [#p/1, #CO1];
osc CO1 <- [#p/2, #pl/3];

close p/1 <- #7?;

close p/2 <- #7?;
close p/3 <- V

. minus

parp2, to form a single boundary of a

new network component

The AND flow relation [A/1, B/O, A/O,
B/1, parp2] in the destination
component propagates to the new
boundary, minus parp2, as [A/1, B/O,
A/0, B/1, A/l1, B/1] -> [p/1, p/2, p/3]

Closures are merged

parp2 becomes internal oscillation
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AND(A/1, B/1 -> parp2);
flow [A/1, B/1] -> parp2;

close A/l <- #parp2,;
close B/1 <- #parp2,;
close parp2 <- #7?;

boundary composition

(A/1, BIO, A/O, B/1, A/1, BI1 -> p/1, p/2, p/3)
flow [A/1, B/O, AIO, B/1, A/L, B/1] -> [p/1, p/2, p/3];

AND(A/0, B/1 -> parp0);
AND(A/1, B/O -> parpl);
AND(A/1, B/1 -> parp2);

HA(parpO, parpl -> p/1, CO1);
HA(CO1, parp2 -> p/2, p/3);

}

close A/l <- #parpl,
close B/0 <- #parpl;
close A/O <- #parp0;
close B/1 <- #parp0;
close A/l <- #parp2;
close B/1 <- #parp2;

osc parpl <- [#p/1, #CO1],
osc parp0 <- [#p/1, #CO1];
osc CO1 <- [#p/2, #pl/3];
0Sc parp2 <- [#p/2, #p/3];

close p/1 <- #7?;
close p/2 <- #?,
close p/3 <- #7?;

Each component is
certified as flow
sufficient and the
composition did not
introduce any
deadlock, race or
behavior ambiguity
so the new
network
component is flow
sufficient with the
new boundary
flow relation



Add Unconnected: The Composition

source component
AND(A/0, B/O -> p/0);

A/0/0
A/Q]1
=
B/O/O = G e ————pI0/0
B/O/L me .@_ —~ o
AND
A/Q/Q =
A/Q/] m—
=
B/1/0
B/1/]1 e
—_—
parp0/0
Al1/Q =
arp0/1
Al1/] —
=
parpl1/0
B/0/Q
B/0/] e parpl/1 —
A/1/0
A/L]]
parp2/0
B/1/0

B/1/] e

N

5

twobitmul(A, B -> p){

flow [A, B] -> p;

token dual{0,1};

token (A[0,1], B[0,1], p[0-3])[dual];
token (parpO, parpl, parp2, CO1)[dual];
AND(A/0, B/0 -> p/0);

AND(A/O, B/1 -> parp0);
AND(A/1, B/O -> parpl);
AND(A/1, B/1 -> parp2);
HA(parpO, parpl -> p/1, CO1);
HA(COL1, parp2 -> p/2, p/3);

}

HA(A/1, B/O, A/O, B/1, A/, B/1 -> p/1, p/2, p/3);

00
1

01

p/1/0

10

4
1>

p/1/1
CO1/0

00

o<
2 1

11

e
T

half-adder

CO1/1

— ] 2

parp2/0_| | 2
3ar92/1 5 11

@ parp2/1

T ——
Nivaaa G
—(o—
half-adder -@?dgh
20,

p/2/1

10

p/3/0

m——/3/1



Add Unconnected: The Symbolic Analysis

If A/1 and B/0 and A/O and B/1 and A/1 and B/1 are present then p/1 and p/2 and p/3 will flow.

If A/O and B/O are present then p/0 will flow.

Therefore, if A/1 and B/0 and A/0 and B/1 and A/1 and B/1 and A/0 and B/O are present at the new input
boundary then p/0 and p/1 and p/2 and p/3 will flow

twobitmul(A, B -> p){

flow [A, B] -> p;

token dual{0,1};

token (A[0,1], B[O,1], p[0-3])[dual];
token (parpO, parpl, parp2, CO1)[dual];
AND(A/0, B/0 -> p/0);

AND(A/0, B/1 -> parp0);
AND(A/1, B/0 -> parpl);
AND(A/1, B/1 -> parp?2);
HA(parpO, parpl -> p/1, CO1);
HA(COL, parp2 -> p/2, p/3);

}

The source component flows

from input to output and does
not connect internally so it

just updates the boundary

destination component
source component none

AND(A/0O, B/0 -> p/0);
flow [A/O, B/0] -> p/0;
close A/O <- #pl0;
close B/0 <- #p/0;
close p/0 <- #7;

does not connect internally

boundary composition

(A/1, B/O, A/O, B/1, A/1, B/1, A/O, B/O -> p/0, p/1, p/2, p/3){
low [A/1, B/O, A/O, B/1, A/1, B/1, A/O, B/O] -> [p/0, p/1, p/2, p/3];
AND(A/0, B/0 -> p/0);
AND(A/0, B/1 -> parp0);
AND(A/1, B/O -> parpl);
AND(A/1, B/1 -> parp2);
HA(parpO, parpl -> p/1, CO1);
HA(COL1, parp2 -> p/2, p/3);

}

close A/l <- #parpl,
close B/0 <- #parpl;
close A/O <- #parpO0;
close B/1 <- #parpO0;
close A/l <- #parp2;

Each component is
certified as flow

The flows are assumed
to be AND related unless
otherwise indicated.

close B/1 <- #parp2;

close A/O <- #pl0;

close B/0 <- #p/0;

osc parpl <- [#p/1, #CO1];
osc parp0 <- [#p/1, #CO1];
osc CO1 <- [#p/2, #p/3];
0Sc parp2 <- [#p/2, #p/3];
close p/0 <- #7;

close p/1 <- #?;

close p/2 <- #7?;

close p/3 <- #7?;

Closures are merged
no internal oscillation
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sufficient and the
composition did not
introduce any
deadlock, race or
behavior ambiguity
so the new
network
componentis flow
sufficient with the
new boundary
flow relation



The Final Fully Vetted Component: Symbolic

(A1, B/O, AIO, B/1, A/1, B/1, A, B/O -> plO, p/1, p/2, p/3){
flow [A/1, B/O, A/O, B/1, A/1, B/1, AIO, B/O] -> [p/O, p/1, p/2, p/3];

AND(A/0, B/0 -> p/0);
AND(A/0, B/1 -> parp0);
AND(A/1, B/0O -> parpl);
AND(A/1, B/1 -> parp2);
HA(parpO, parpl -> p/1, CO1);
HA(CO1, parp2 -> p/2, p/3);

}

close A/l <- #parpl,
close B/0O <- #parp1;
close A/O <- #parpO;
close B/1 <- #parp0;

Consolidate input tokens with fan-
out assumption of identically
named AND related tokens

(A/0, A/1, B/O, B/1 -> pl0, p/1, p/2, p/3){

flow [A/O, A/1, B/O, B/1] -> [p/O, p/1, p/2, p/3];

AND(A/0, B/O -> p/0);
AND(A/0, B/1 -> parp0);

close A/l <- #parp2,;
close B/1 <- #parp2;
close A/O <- #p/0;
close B/0 <- #p/0;
osc parpl <- [#p/1, #CO1];
osc parp0 <- [#p/1, #CO1];
osc CO1 <- [#p/2, #p/3];
0ScC parp2 <- [#p/2, #p/3];
close p/0 <- #?;

close p/1 <- #7?;

close p/2 <- #7?;

close p/3 <- #?;

Consolidate closures

! From the declarations:
AND(A/1, B/O -> parpl); .
> ANDEA/l, B/1 -> Bar82§; [A/O, A/1] is the same as A
Eﬁggaorga |oargl;> 5)2/1, %)1); [B/0, B/1] is B and
» Parpz -= piz, pis), i
close A/l <- [#parpl, #parp2]; (A, B -> p)
close B/0 <- [#parpl, #p/0]; flow [A, B] -> p;
close A/O <- [#parp0, #p/0]; AND(A/0, B/O -> p/0);
close B/1 <- [#parpO0, #parp2]; AND(A/0, B/1 -> parp0);
osc parpl <- [#p/1, #CO1]; AND(A/1, B/O -> parpl);
osc parp0 <- [#p/1, #CO1]; AND(A/1, B/1 -> parp2);
osc CO1 <- [#p/2, #p/3]; HA(parpO, parpl -> p/1, CO1);
0Sc parp2 <- [#p/2, #p/3]; HA(CO1, parp2 -> p/2, p/3);
close p/0 <- #7?; }
close p/1 <- #7?; close A/l <- [#parpl, #parp2];
close p/2 <- #?; close B/O <- [#parpl, #p/0];
close p/3 <- #7?; close A/O <- [#parp0, #p/0];

close B/1 <- [#parpO, #parp2];
osc parpl <- [#p/1, #CO1];
osc parp0 <- [#p/1, #CO1];
osc CO1 <- [#p/2, #p/3];

We have reconstructed the original osc parp2 <- [#p/2, #p/3];
specification as a fully vetted flow close p/0 <- 2,
network component ready to be further Cose bz < 55
composed into a larger network . close p/3 <- #7?:
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The Final Network

2
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25 1 2 p/0/0
11 @
2 -@— p/0/1
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A/0/1 00
2
01
<2) —
A/1/0 5 10 1 5
A1 AL @_ C parp0/0
AND parp0/1
00
@ 2 p/1/0
B/0/0 - ‘ o1
— 2 - p/1/1
B/0/1 - 10
2 1 .@_ p/2/0
0 x Call
B/1/0 - 2 D 2 p/2/1
B/1/1 — e 2 ET p/3/0
00 -@— — p/3/1
2 half-adder <1
01 @
— 2
10 parp2/0
2
1
2
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Using the Component Specification

From the composed 2 bit multiplier:

Optimize component logic

Structure the network of linked oscillations for optimal throughput

Relax the granularity of oscillations: less area, lower throughput

Optimize relaxed logic
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Optimizing the Primitive Component Logic

A/O

A/l o
HA(A, B -> S, COY{ /I half adder
token (A, B, S, CO){0,1}; B/O m—re
flow [A, B] -> [S, COJ; B/1 et
[S/close, {[A/0, B/O], [A/1, B/1]}] -> S/0;
[S/close, { } -> S/1;
[COlclose, {[A/0, B/O], } -> COI0;
[COlclose, [A/1, B/1]] -> CO/1;
}
close A <- [#S, COJ; =t —— | @_ 0
close B <- [#S, COJ; . T

B /1

close S <- #7?; M 2 'lthfor: S
o o 10 T
close CO <- #7?; BIO l L2 . —CO/0
11

B/1 ,E> B == CO/1
<]

Can optimize into but not

A/O beyond the link enable
A/l =— rank

AND(A, B -> 2){ // AND BI0 —

token (A, B, Z2){0,1}; B/l —f

flow [A, B] -> Z;
[Z/close, {[A/O, B/O], [A/O, B/1], [A/1, B/O]}] -> Z/O;
[Z/close, [A/1, B/1]] -> Z/1,;

close A<- #Z;

A0
close B <- #Z: AL m>—

close Z <- #7?; J
B/O
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A/0/0

A/0/1

A/1/0

A/l/1

B/0/0

B/0/1

B/1/0

B/1/1

Optimized Flow Network Multiplier

Substitute the optimized components

@_ p/0/0
@ — ~ (E% 3 plo/1
] AND
A
4 00
: T
et = — (E% —
AND ] _____
A thxor: /0
<] p
00 0. ¢ |
@ =_ - -~ P11
mil .__q>_ o1/ 3 -2 thxor! QJ ~\_thxor!
( 2 |
B E 10 - { 2 ! 20 I
{5 l ______ EE——'—' ______ | — /2/0
1L ol " thxor |
@ | (& @ g 23 ,E>_ e 75\ thxor gt
s - 3 — ® : ! = p/2/1
1 S half-adder o<1 " > . P
A 2r T . = p/3/0
1 parpl1/0 l 1 EE
00 parpl/1 ', r@— == p/3/1
half-adder <]
— T <2)
10 @_ parp2/0
11 3 @ parp2/1
{
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Structure the Network for Optimal Flow
The Network Flow Grid

Tuning the structure of linked oscillations for optimal flow.
Minimize waiting
Oscillations are roughly equal
Linking structure is a regular grid
The flow grid
Irregular grid derived from the dependency relationships of the linked oscillations

Transform to a regular grid of linked oscillations

Page 19



Grid numbers

All inputs are assigned an input grid number, in this case 0.
Grid numbers progress with connections
Network outputs are assigned the highest grid number.

Add buffers to fill in grid numbers

Multiplier specification with derived grid numbers

(A, B -> p){

flow [A, B] -> p;

(0) AND(A/O, B/O -> p/0); (1)
(0) AND(A/O, B/1 -> parpO0); (1)
(0) AND(A/1, B/O -> parpl); (1)
(0) AND(A/1, B/1 -> parp2); (1)
(1) HA(parpO, parpl -> p/1, CO1); (2)
(2) HA(COL1, parp2 -> p/2, p/3); (3)

}

close A/l <- [#parpl, #parp2];
close B/0 <- [#parpl, #p/0];
close A/O <- [#parpO, #p/0];
close B/1 <- [#parpO0, #parp2];
osc parpl <- [#p/1, #CO1];
osc parp0 <- [#p/1, #CO1];
osc CO1 <- [#p/2, #p/3];

0ScC parp2 <- [#p/2, #p/3];
close p/0 <- #7?;

close p/1 <- #7?;

close p/2 <- #7?;

close p/3 <- #7?;

Page 20

Add buffer components
and update closures

(A, B -> p{

flow [A, B] -> p;

(0) AND(A/0, B/O -> TO);
(1) (TO->T1);

(2) (T1->p/0);

(0) AND(A/O, B/1 -> parpO0);
(0) AND(A/1, B/O -> parpl);
(0) AND(A/1, B/1 -> T3);
(1) (T3 ->PARP2);

(1) HA(parp0, parpl -> T2, CO1);

(2) (T2 ->p/l);
(2) HA(COL1, parp2 -> p/2, p/3);

}

close A/l <- [#parpl, #T3];
close B/0 <- [#parpl, #T0];
close A/O <- [#parpO, #T0O];
close B/1 <- [#parp0, #T3];
osc parpl <- [#T2, #CO1];
osc parp0 <- [#T2, #CO1];
osc CO1 <- [#p/2, #p/3];
0ScC parp2 <- [#p/2, #p/3];
osc TO <- #T1];

osc T1 <- #p/0];

osc T2 <- #pl/1];

osc T3 <- #parp2];

close p/0 <- #7?;

close p/1 <- #?;

close p/2 <- #7?;

close p/3 <- #7?;



A/0/1

A/1/0

A/l/1

B/0/0

B/0/1

B/1/0

B/1/1

multiplier with flow field numbers

00

HIER

<)

-

— —
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; Oal’
AND
A
1 2 — l
2 _: parp0/0
AND parp0/1
A

parpl/0
parpl/1

parp2/0

1 2
% Oak
parp2/1
AND
A

p/0/0

p/0/1




multiplier with buffers to complete flow field array

00
2

A/0/1

01

u a m@)

10

1
2

A/1/0

A/1/1

4 00
2
01
— 2
10
2
1
2

B/1/0 ———
B/1/1 —
00
2
o1
—0- 2
10
2
11
2
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AND -@_
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parp0/1
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o<

0
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A/1/Q
AlL]]
&=

B/0/0

B/0/1 s

00

Relaxing Oscillation Links

component with internal oscillation

00

parp0/0

parp0/1 s

parpl1/0

p/1/0

<
G —
1 2 p/1/1

parpl/1

L

<)

half-adder

-@— — CO1/1
<

removing link combines two oscillations

A/1/Q =
AlL]] —

[ o

00
(2

1 p/1/0

2 p/1/1

B/0/Q e

B/0/1
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parp0/0
01 parp0/1
10 T\ parpl1/0
1 -
N\
1 parpl/1 —
AND

<

e
caic;

half-adder

&/
1>

Q% Co1/0
.@_ Q- co1/1

o<

(A/1, B/0, parp0 -> p/1, CO1){

flow [A/1, B/O, parpQ] -> [p/1, CO1];
AND(A/1, B/0 -> parpl);
HA(parpO, parpl -> p/1, CO1);

close A/l <- #parpl,;

close B/0O <- #parp1;

osc parpl <- [#p/1, #CO1];
close parpO0 <- [#p/1, #CO1];
close p/1 <- #?,

close CO1 <- #7?;

the substij[ution removes a link
and combines oscillations

(A/1, B/O, parp0 -> p/1, CO1){

flow [A/1, B/O, parp0] -> [p/1, CO1];
AND(A/1, B/0O -> parpl);
HA(parpO, parpl -> p/1, CO1);

close A/l <- [#p/1, #CO1];
close B/0 <- [#p/1, #CO1],
close parpO <- [#p/1, #CO1];
close p/1 <- #?,

close CO1 <- #7?;



Merging the Exposed Equations

AND and HA are no longer components and no longer have boundaries so
their equations are exposed into the body of the new component.

(A/1, B/O, parp0 -> p/1, CO1){
flow [A/1, B/O, parpQ] -> [p/1, CO1];
%A,l, E//g’ g%po - 8,15%){(:01 | %%41/10’856943]: i%/;:gi/E:BL/_O/l], [A/1/1, B/1/0]} -> parpl/0:
owl AN,D(A/,lpaBr/% ]> p<3[1Fr)p1')' I {[parp0/0, parp1/0], [parp0/1, parpl/1]} -> p/1/0;
H A(parpd parpl -> p/l’ CO1); - ([narp0/0, parpl/1], [parp0/1, parpl/Of} -> p/1/1;
’ ’ ’ {[parp0/0, parp1/0], [parp0/0, parpl/1], [parp0/1, parp1/0]} -> CO1/0;

close A/1 <- [#p/1, #COL1]; [parp0/1, parpl/1] -> CO1/1;
close B/0 <- [#p/1, #CO1], _
close parp0 <- [#p/1, #CO1]; close A/l <- [#p/1, #CO1];
close p/1 <- #?; close B/0 <- [#p/1, #CO1];
close CO1 <- #?; close parp0 <- [#p/1, #CO1];

close p/1 <- #7?;
close CO1 <- #7?;

AND(A/1, B/O -> parp1){ name substituted components

flow [A/1, B/0] -> parpl;
{[A/1/0, B/0O/0], [A/1/0, B/O/1], [A/1/1, B/1/0]} -> parpl/O;
[A/1/1, B/O/1] -> parpl/1;

close A/l <- #parpl, HA(parpO’ parpl > p/l, CO]_){

close A/1 <-#parpl; flow [parp0, parpl] -> [p/1, CO1];

close B/0 <- #parpl; {[parp0/0, parp1/0], [parp0/1, parpl/1]} -> p/1/0;
close parpl <- #7?; {[parp0/0, parp1/1], [parp0/1, parpl/0]} -> p/1/1;

{[parp0/0, parpl1/0], [parp0/0, parpl/1], [parp0/1, parpl/0]} -> CO1/0;
[parp0/1, parpl/1] -> CO1/1,

close parpO <- [#p/1, #CO1];
close parpl <- [#p/1, #CO1];
close p/1 <- #7?;

close CO1 <- #7?;
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Relax the Links of Two Bit Mult

remove internal oscillation links and propagate their completeness to the boundary
closure equations from composition

close A/L <- [#iparpl, #parp2]: substitute parpl and parp0 substitute parp2 and CO1

close B/0O <- [#parpl, #p/0]; close A/l <- [#p/1, #CO1, #parp2], _
close A/O <- [#parpO, #p/0]; close B/O <- [#p/1, #CO1, #plO|; g:g:g g//%) by [[zpﬁ ﬁpg ng zp%j_#p/ 35
close B/1 <- [#parpO, #parp2]; close A/O <- [#p/1, #CO1, #p/0]; I AJO < #pll’ #p/2’ #p/3, #p/O !

osc parpl <- [#p/1, #CO1]: close B/1 <- [#p/1, #CO1, #parp2]: Close A0 < [[#p 1 APl P, D /2]1 4o/l
osc parp0 <- [#p/1, #CO1], osc CO1 <- [#p/2, #p/3]; — | 10 < #,)P  #PI2, #PIS, #PlZ, #PIa),
osc CO1 <- [#p/2, #p/3]; —> 0sc parp2 <- [#p/2, #p/3]; close p n <' o

0ScC parp2 <- [#p/2, #p/3]; close p/0 <- #7?; close P 2 i ey

close p/0 <- #?; close p/1 <- #?; close p/ SR

close p/1 <- #7?; close p/2 <- #7?; close p/3 <- #7;

close p/2 <- #?, close p/3 <- #?,

close p/3 <- #?,

Consoldate the Boundary

consolidate closure of input tokens remove redundancies

close B <- [#p/1, #p/2, #p/3, #pl0, #p/1, #pl2, #pI3, #p/2, #p/3]; close B <- [#p/0, #p/1, #p/2, #p/3];
close A <- [#p/1, #pI2., #pi3, #pl0, #pI1, #pI2. #pi3, #pl2, #p/3]; ™= close A <- [#pl0, #PI1, #pI2, #p/3];
close p <- #7?; close p <- #7?;

scale token reference: update boundary specification, flow relation and closure equations

(A, B ->p{

flow [A, B] -> p;
AND(A/0, B/0 -> p/0);
AND(A/0, B/1 -> parp0);
AND(A/1, B/0O -> parpl);
AND(A/1, B/1 -> parp2);
HA(parpO, parpl -> p/1, CO1);
HA(CO1, parp2 -> p/2, p/3);

close B <- #p;
close A <- #p;
close p <- #7?;
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Merge the Exposed Equations of Two Bit Mult

AND and HA are no longer components
and no longer have boundaries so their
equations are exposed.

(A, B -> p{
flow [A, B] -> p;
AND(A/0, B/O -> p/0);
AND(A/0, B/1 -> parp0);
AND(A/1, B/O -> parpl): m—
AND(A/1, B/1 -> parp2);
HA(parpO, parpl -> p/1, CO1);
HA(COL1, parp2 -> p/2, p/3);

close B <- #p;
close A <- #p;
close p <- #7?;

component with exposed equations with
appropriate token name substitution

twobitmul(A, B -> p){

flow [A, B] -> p;

token dual{0,1};

token (A[0,1], B[O,1], p[0-3])[duall;

token (parpO, parpl, parp2, CO1)[dual];

{[A/0/0, B/0/0], [A/0/0, B/O/1], [A/O/1, B/O/O]} -> p/0/0;
[A/0/1, B/0/1] -> p/0/1;

{[A/0/0, B/1/0], [A/O/0O, B/1/1], [A/O/1, B/1/0]} -> parp0/0;
[A/0/1, B/1/1] -> parp0/1;

{[A/1/0, B/0/0], [A/1/0, B/O/1], [A/1/1, B/1/0]} -> parpl/O;
[A/1/1, B/O/1] -> parpl/1;

{[A/1/0, B/1/0], [A/1/0, B/1/1], [A/1/1, B/1/0]} -> parp2/0;
[A/1/1, B/1/1] -> parp2/1;

[parp0/0, parpl/0], [parp0/1, parpl/1]} -> p/1/0;
[parp0/0, parpl/1], [parp0/1, parpl/0]} -> p/1/1;
[parp0/0, parpl/0], [parp0/0, parpl/1], [parp0/1, parpl/0]} -> CO1/0;
parp0/1, parpl/1] -> CO1/1,

[CO1/0, parp2/0], [CO1/1, parp2/1]} -> p/2/0;

[CO1/0, parp2/1], [CO1/1, parp2/0]} -> /2/1

[CO1/0, parp2/0], [CO1/0, parp2/1], [COl/l parp2/0]} -> p/3/0;
[CO1/1, parp2/1] -> p/3/1;

}

F‘HF‘HF‘HI—M—‘HF‘HF“H

close B <- #p;
close A <- #p];
close p <- #7?;

The program is vetted for linked oscillation structure it is also vetted for relaxed structure. The
equations of each component fulfil the completeness criterion just like each thershold function
does and the equations of the components can be combined just like threshold gates.
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The Fully Relaxed 2 Bit Multiplier Component

The fully relaxed circuit remains a component with a boundary of half
oscillations with internal completeness behavior coupling the oscillations

close A

close B @
00

p/1/0
p/1/1
p/2/0
p/2/1

p/3/0

p/3/1

2 o<
01
&- 2
5 10 \1/ = :ﬁ—---- p/0/0
11 <:>
> = :ﬁ—--- p/0/1
AND
A/0/1 ® 00
2
01
— 2
A/1/0 10
2 &/
A/l/1 S\ parp0/0
AND parp0/1
00
2 1
B/0/0 ' 01
2
l 2 1
\/
B/0/1 ' S\10 I\
1
|
B/1/( m——y half-adder
B/1/] —— parp1/0
00 parpl/1
2
01
—4- 2
10 parp2/0
2 &/
> 1 parp2/1
AND
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Optimizing the Relaxed 2 Bit Multiplier Component

The combined equations are iin a single component and can now be optimized

Ceni

@_ axaiin

all together.
close A
close B @
00
3
-
01
10
1 11
AND
A/0/1 r 00
—.."'(_ 3>
| —
o 42 gates -> 23 gates
—
A/1/0 10 72\
A/l/1 S\ parp0/0
AND parp0/1
00
00
._%_ ~
B/0/O 1 o1 -2\ Thxon
. | J
BIO/1 T o — | G {)couo w .
1 SOl e\ thion
B/1/() et 2 \2/ Talf-adder ¢ 2
AND ali-adder o 1
2 |
|
B/1/] e—— parp1/0 lll _____
00 parpl/1
3
01
1
10 72\ parp2/0
> 1 parp2/1
AND
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p/0/0

p/0/1

p/1/0
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p/2/0
p/2/1

p/3/0
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Optimizing the Relaxed 2 Bit Multiplier Component

close A v 2_ _ thxor!
|
AI0/0 ——
A/0/1
p/0/0
A/1/0
A/l/1 p/0/1
close B
B/0/0
B/0/1 ]
B/1/0 p/1/0
B/1/1 p/1/1
p/2/0
p/2/1
p/3/0
p/3/1
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