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Primary Modulus Modulus Modulus Modulus Modulus Modulus Modulus Modulus Walue 
Control Operation Register M-2 M-3 M-5° Me7 M-11 Mc13 M-17 M-19 (decimal) 

Description watue 

330 Step 1201, Dividend 2 

1202, 1204 Divisor 4. 

2 

7 

- 9 

\s. 26.20, divisor 
Divided 6 v Step 1211 are divide Dvided 332 

by 2 
4 

Divisor 

1334 step 1205. At Owide 
divisor 

1206, 12O7 decrenent Divisor 

Dividend Dividend 
subtracted 

by 1 Divisor 
1335 Step 1208, 

\- 1209,1210 

1336b Step 1211. After divide Piven 
N 1228, 1229 by 2 Ovisor 

Step 1205, 
1337 1206, 1208, 

1209, 1211 

After divide Divided 

by vs. Divisor 

340 Step After Base Dividend 
\-1228, 1212 Extend Divisor 

Steps Decrement Dividend 
1212 thru at post 
122 processing Divisor 

RNS integer Divide Number Sequence Example with Power Based Modulus (2, 3, 5, 7, 11, 13, 17, 19) 
and advanced delayed extension 

Figure 13D 
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Modulus Value 

A 
s 

B 

Figure 14A 

Modulus Value 

V Equivalent Decimal opean I, , , , F, F, F, F, F.W." I 
1 577 f 2310 0.2498 

289 f 2310 O. 1251 

O.3749 866 ? 231 O 

Figure 14C 
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RNS operand format: N 
1, 12, l3, a M F1, F2, F3, A FN - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -- 

Createnterdale, 5 product by performing 
integer multiply on 

operands 

-- - - - - - - - - as - - - - - - - - - - - wo y 

l 

1550a : Convert Intermediate 1520 
N product into mixed 

radix digits, starting I 
! with first N fractional 

RNS digits. 
to ------------------------------- 

! -- 

: Reconvert mixed radix 1530 ( digits to RNS, skipping u? 
first N digits, where N = # 
of fractional RNS digits 

---------------------------- 

r 1540 
Store RNS value 

as result. 

W 
w / 

*w-arm mm. Amm mm mm mm mm mm. r r re. --- r --- r --- r --- r --- wo 

Figure 15A 
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1500 

- ------start-------- 
510 w 

Perform integer multiply 

Complement the product 
A-> A 

r 1525 
While converting A to MR, 
compare 1 N digits to RE/2; 

f>, set round-up flag. 

(MRN > RfI2)? -> RU 

Convert P 
to mixed radix digits, 

1530 
M Reconvert MR to RNS, skipping 

first N digits converted; 

NMR-> A 

- 1533 
increment A by RU; 

A RU GA 

- 1535 
1534 SGN is YES Complement the product 

SNEGATIVE 1 A > A 
N -1 
No 

r 
54 t 
^- Sign Flag at SIGN 

Sign Valid a RUE 
A G Rest 

Figure 15B 
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1500 
^- Start 

510 Perform integer multiply 
N- A * B - P. 

P-> A 

1550c - 
. . . . . . . . . . . . . . . . . . . . . .------------------------ 

55 Create alternate rest: 

5203 52O 
. . . . . . . .co ...A. 1522. T.N.Y., 

Convert P 52s. While Converting to Mixed radix,527 Convert P 
to mixed radix digits, Y. Compare A to B, and set sign. T.Y.. to mixed radix digits, 

A VRA SiGN = (A > 8)? B - MR 

1525 - 
: ------------!----------------------- 

While converting A to MR, While Converting B to MR, 
compare 1 N digits to RF/2; compare 1 N digits to R/2; 

Set round up flag; Set round up flag; 
(MRA) > Ref2)? -> RUA (MRN > RfI2)? - RUs 

Reconvert MRA to RNS, Recovert MR to RNS, 
| skipping 1° N digits converted; skipping 1 N digits Converted; 

pARA - A PMR-> 8 

1532 - 1533a 1532 - 1533b . O 
2. it. O YES : increment A by RU: - is increment B by RU; 

: > ---------> - - - 

,c- : A RUA -) A Y 
NC 

Complement B, Store in A 
B-> Temp 
Terp - A 

1513 
Sign Flag - POSITIVE NEGAWE 

------------------------------------------------------->{-------------------------------------------------------- 

1540b 
'- Sign valid = TRUE 

1542 
S-C stop 

Figure 15C 
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5OO 
N-T star TY 

1. 

510 Perform integer multiply 
A * B. G. P. 

P - A 

- A -i- 

. 
1512- 1515 

S-1s N Create alternate result: 
- N2 ( po Yi'9"... Load complement to ALU B 

- - N -1 F-> B 
1514 YES 

& SGN - NEGATIVE 

m.---------------- 
158- 157 

Y \- 
52Ob - 1520a- 1522 Y y 

Covert P While converting A to MR, Convert P. 
to mixed radix digits; 2 sign extend by comparing to to mixed radix digits, 

intermediate positive range B - MR 
A --> MRA SGNs (R* RF) > A)? une 

525a - 1525) C 

While converting A to MR, While converting 8 to MR, 
Compare N digits to RFI2; 523 compare N digits to R?2; 

Set round up flag: --- Set round up flag; 
(MRA) > RH2)? Y RUA (EMR Ri2)? -> RUs 

1529- 1531 
(AO). - SIGN - NEGATIVE - - ? - 1530a - N- 1530b - 

Reconvert MRA to RNS, Recy. Nipping 
skipping 1" N digits converted; g s 

p-NMRA) > A pMR Y B 
RU.SRU RU) RU 

A B - A 

/ 1533 
1532 -1SN A by RU: <RU > YES Cree y 

- A - R - A 
^ 

?o 

Sign Fag - SiGN 
Sign Valid - TRUE 

N-( Stop 

Figure 15D 
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1604 .. 

or N . . . . . . . . .Start 
Perform: 
(XY) +z-> A 1510 ...V. 

N Create intermediate product using 
integer multiply on operands: 

1612 ----------------------------------------- 

N Create Scaled additive operand by 
Multiplying additive operand Zby RE: 

1614 
N Create intermediate product and 

sum by adding scated additive 
operand to intermediate product: 

-----------------------------------------'- 
te 1. Convert intermediate product and sum to 

mixed radix format, and simultaneously 
convert intermediate product and sum 
complement to mixed radix format; 
While converting, compare for sign detection; 
Select smallest mixed radix quantity, 
Determine round up; 
Set result sign flags, 
Truncate positive mixed radix value, 
retaining most significant (P-N) digits; 
Convert positive mixed radix to RNS, 
|ncrement RNS by round up, 
Complement if sign is negative, 

O. Store result, : 
A -> Temp; Temp -> B; 
B > MR; A --> MR; 
f(A > B) then { 

MR-> B, B+RU -> B; 
B -> Temp; Temp-> A; 
Sign Flags NEGATIVE; } 

Else (MR) -> A, A+RU -> A; 
Sign Flags POSITIVE; ) 

Sign Valid as TRUE; 

1542 
N- STOP 

Figure 16A 
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1632 ..................o 
increment index N 

631 

1606 
& Clear product sum & clear index 

O G. S 
a 

Sheet 65 Of 99 

Load operand pair for multiply 
X - A 

Perform integer multiply 
on operands 
A * B - A 

Add product to product sum 
storage register 

US 9,395,952 B2 

: 

Convert intermediate sum of products to 
mixed radix format, and simultaneously 
convert intermediate sum of products 
complement to mixed radix format; 
While converting, perform sign detection, 
Select positive mixed radix quantity, 
Determine round up, 
Set result sign flags, 
truncate positive mixed radix value, 
retaining nost significant (P-N) digits, 
Convert positive mixed radix to RNS, 
increment RNS by round up, 
Complement if sign is negative, 

O. Store result, 

S-> A; A -> Temp; Temp -> B; 
B -> MR; A > MR; 
f(A > B) then { 

MR) -> B, B+RU-> B; 
B - Temp; Temp --> A; 
Sign Flag at NEGATIVE; } 

Else MR-> A, A+RU) A; 
Sign Flag as POSITIVE; } 

Sign Walid R TRUE; 

Figure 16C 
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1800 
-- Star Y 

1801 --------------------------------- 
Load divisor Copy 
into accinator A 

Divisor - A 

1802 
Start conversion with 

Digit nodulus S2 

2 -> 

Store Divisor S. digit 
di ) temp1 

1805 \ 

1804 - is Subtract the value 
809 < dr O > --> d) from divisor. 
—i N y - A - dim Y A Sincrement index N - 

| YES 
: pointer} 806 

ModDiv the A 
accumulator by St. 

185 --------------A- 
Set fraction point position 
of divisor and dividend to 
value of index pointer {} 

Multiply divisor and dividend ficate S- nower to by S; : ) 187 
number of temp1 : 
significant bits. -- Eric Divisor * So Y Divisor 

Dividend * Sin Y Dividend 

Figure 18A 
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1850 
S. Start 

1851 
Scale operands 
according to 
flow Chart of 
figure 18A 

Fraction 
point 
moved 

1853. Y. 1856------------------------------------------------------------------------- 
- Adjust fixed point multiplier and 

ALU to support fraction point 
position and truncated modulus 

of scated operands 

Adjust fixed point multiplier and 
Al-U to support truncated 

modulus of scated operands 

Perform Goldschmidt Perform Goldschmidt 
Division on Scated Division on Scaled 

operands using adjusted Operands using adjusted 
multiplier and ALU multiplier and AU 

1855. 1858. ---------------------------------------- 
N- Multiply result by 2", where T = # of 

truncated powers of step 1851, 
then, Convert result to mixed radix, 

then, restore normat two's power modulus, 
restore the normal fraction point position, 
truncate any mixed radix digit associated 

with a re-grouped digit position, 
then Convert result back to RNS 

s Multiply result by 2, where T = # 
of truncated powers of step 1851, 
then, Convert result to mixed radix, 
restore the two's power modulus, 
and convert result back to RNS 

Figure 18E 
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1900 

Clear accumulator A 

0 - A 

Receive binary digit 
Count K, set index. 

( - K-1) 

Gate B to 
CrOSSbar 

B+ A > A 

Shift Next Digit 
Bl 

1908 

Gate Power 2 
to Crossbar 

2 * A --> A 

Figure 19B 
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1918 

1910 

1911 
N- Clear acCumulator A 

1912 
Receive binary digit 
Count K, Set index, 

(J - 0) 

Gate B to 
CrOSSbar 

Shift Next Digit B+ A-> A 
B 

Gate Power 2 
To Crossbar 

2 * A - A 

Figure 19C 
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1920 
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2060 

2062 
N- Partition binary 

number into whole bits 
and fractional bits 

2064 ............................................... 
N- Convert fractional Convert whole bits 2O76 

bits to RNS using to RNS using figure - 
figure 19A 19A : 

2078 
Scale whole RNS - 

by RE : 

Scale fractional RNS 
by (R-2) using integer 

multiply and divide 

NJ increment 
fractional RNS 

2072 Add Whole RNS to 
N fractional RNS 

value 

2O74 

Figure 20B 
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Cycle Cycle Cycle Cycle Cycle Cycle Cycle Cycle Cycle Cycle 
Register," "," "," "" ; , , 

2080 -> M 1 2 3 5 7 1 1 1 1 1 

2081 --> M. 1 1 2 3 5 7 1 1 1 1 

2082 -> M. 1 1 1 2 3 5 7 1 1 1 

2083 -> M. 1 1 1 1 2 3 5 7 1 1 

2084 -> A 5 A E 6 A A A A A A 

2085 -- C. O O 1 4. 2 O O O O O 

2086 -> A 5 5 A F F B B B B B 

2087 --> C2 O O O 1 4. 6 O O O O 

2088 --> A2 5 5 5 A r r r F F F 

2089 --> C3 O O O O 1 4. 6 O O O 

2090 -> A 5 5 5 5 A F F F F F 

2091 -> C4 O O O 0 O O O 4 - O - 0 

2092 -- A4 O O O O O O 1 9 5 5 

2093 -> Cs O O O O O O O O 4. O 

2094 ~-> As O O O O O O O O O 4. 

Example ApparatuS Configuation: Round up Detection. Exarple Values: 
Q = 4 bits (hex digits) Since FFBA > 8000 Binary input: 555516 
J = 4 digits (16 bits) Then round up F 1 (5555/10000s) = .33333 
K = 2 digits (8 bits) Output it 4518 a 690 
F = 4 RNS fractional digits 69 - 1 - 70 
Clocks E - K - F - O 70210 s. 33333 

Figure 20E 





US 9,395,952 B2 Sheet 83 of 99 Jul. 19, 2016 U.S. Patent 

0 $ $ Z60 || Z. 

90 || Z. 

  

  



US 9,395,952 B2 U.S. Patent 

  

  



U.S. Patent Jul. 19, 2016 Sheet 85 of 99 US 9,395,952 B2 

Register ce Cycle Cycle Cycle Cycle Cycle Cycle Cycle Cycle 
I 2 3 4 5 6 | 7 | 8 

2130 - M. o 7 5 3 2 1 1 1 1 

2132 -> M X 0 7 5 3 2 1 1 1 

2134 -> M x X O 7 5 3 2 1 1 

2136 --> Mx:3 X X X O 7 5 3 2 1 

2138 — D 4 5 1 2 O O O O O 

2140 -> Bo X 4 1 6 4 8 8 8 8 

2142 --> C1 
ssssssssssssssssssssss 

244 -...--> B 

246 --> C2 
ssssssssssssssssssssss 

2148 - B2 X X X O O O 1 3 3 

2150 -> C. o Yo Yo Yo Yo Yo Yo Yo Yo 
252 -- B3 X X X X O O O O O 

2153 Example Apparatus 
Example Values: fig Example values: V Coat Mixed Radix input: 45120 : Q = 4 bits (hex digits) 

K = 4 digits (16 bits) Mixed Radix Modulus = {2,3,5,7} 
F = 4 RNS fractional digits Binary Output = 03E8 is 
COCKS - K -- F - 8 

Figure 21D 
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2160 

2162 
2161 

Negate A 
Signrnegative 

US 9,395,952 B2 

21 63 
NO 

Sign st 
positive 

2164 

21 65 
Store remaining RNS 

value to ALUB 

2166 
Convert MrN to RNS 

in ALU A 

Multiply by 2 

2167 

2169 2168 
- 

Compare first F Convert first F 
digits with RE/2 digits to MRN 

2170 
Add One to 

RNS 

Convert remaining 
RNS digits to MRN 

Latch a bit first F 
MRN digits to 

Conversion registers 

2173 

2174 
- Convert loaded 

MRN digits to binary 

2175 

Figure 21E 

2176 
Convert RNS in 
ALU B to MRN 

2177 

Latch ALUB 
MRN to 

Conversion 
register 

2178 
Convert 

loaded MRN 
digits to binary 

2179 
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Category Neumonic operands Notes 

Arithmetic 
primitives 

Subw Regh (subtract register word, operand is register file) 

Power Digit 
Arithmetic 
primitives 

ResPower 
DecPOWer Digit, N 

Power Digit GetPower Regi, Digi 
Arithmetic SetPower Digii, Regi 
primitives in Cate Digi 

Reghi, Digit 
Digii, Regi 

return the power of the selected digit) 
set power of the selected digit) 
truncate digit based upon leadig zeros) 
get the truncation value, and Store in reg) 
set truncation from register) 

(digit) GetTrunc 
Set Trunc 

opAdd 
Sub Push 
opMult 

DivPush 

ops operand from LFO to crossbar, adds to accum) 
gate digit to crossbar, subtract, push to LFO) 
pops operand from LFO to crossbar, adds to acCum) 
gate modulus to crossbar, multiply, push to LFO) 

LFO Based 
Arithmetic 
Primitives 

Digit 

Digit OPP 3. W oad D 
oad D 

Regii, Digit 
Digit, Regi 
A, Regi 

oadW Regii, A 

load register with digit value) 
store digit value to register 
load the accumulator from register location 
store the accumulator at some register location 

LoadW Holdii, RegiF (oad holding register from register) 
SetSkip Digh set digit as skipped) Operations 

(clear the accumulator) 
ClearSkips (clear a skip digit flags) 

(set sign of the accumulator) 
SetSignWalid T/F (set sign valid of the accumulator) 

Move, Set and 
Clear 

Digit and Sign Base Extend 
Extension Sign Extil 

Base extend a skipped digits 
ign extend the accumulator (integer) S 

Figure 22D 
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Operations Category Operation/operand 
a, ADD 

b. SUB 
C. MULTIPLY 

d DIVISION 

LUT Select Function 

a. Set Skip Flag (G) digit 
b. Cleara! skips (a digits) 
c. Decrement Power Valid count (G) Digit 
d. Restore Power Vaid Count (a digits) 
e. Set Ortruncate Power Valid Count 

Digit Validation 
operations 

a. Gate to Crossbar 

i) Accumulator to Crossbar 
ii) Holding register to crossbarx N 
iii) Register to crossbar 

b. Select LU operand: 
i) Crossbar 
ii) Register File 

Crossbar Gate Enabled and 
LUT Operand Select 

a. Read Register G. Location (a digits) 
Register Fie Read and b. Write Register @ Location (a digits) 

Write Contro C. Read Register (G) location (G) Digit 
d. Write Register G. Location (G) Digit 

a. Load ACcumulator from LU result 

b. Load Accumulator from Register Fie 
C. Latch ACcumulator to Register Fie 
b. Latch Holding Register x N from Register Fie 
c. Latch Compare Register from Register Fie 

Register Loading and 
Moving 

a. A Digits Zero 
b. A Digits one 
C. Zero (G) digit 
d. A/B Comparator a set ECUAL 

Status Signals and Flags e. A/B Comparator sets, >, or < (a Digit 
f. Local comparator a set EOUAL 
g. Local comparator set =, >, < (G) Digit 
h. Skip Digit G. Digit 
i. Power Valid count (G) Digit 

Figure 22E 
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Basic Arithmetic Category Operands 
instructions 

Add <ntegers,<integers 
Add Add <fixfraction>, <fixfraction> 

Add <fixfraction><intege > 
<sptfraction>, <sptfraction> 

Subtract | Sub fixfraction.<fixfraction 
<fixfraction>, <integer> 

| Sub ssiptfraction>, <sptfraction> 

on Ele s Multiply 

EEE 

Divide 

EEE 

Compare 

H 

Convert 

Sign Extend 

Figure 22F 
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