Design Process
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Implementation: Example

Multiply(X, Y, Z, start, done)

{ Input X[15:0], Y[15:0] type bit-vector,

start type

Boolean;

Local-Object A[15:0], B[15:0] ,M[31:0], i[4:0] type bit-

vector;

Output Z[31:0] type bit-vector,

SO:
S1:
S2:
S3:
S4:
SS5:
S6:

}

(,a.v M s

If start’ goto SO || done €1;
A€X|B€Y|i€0|M€O| done €0;
If B;s =0 goto S4 || i €i+1;.

M €& M+A;

if i>= 16, goto S6

M€ Shift(M,L,1) || B€Shift(B,L,1) || goto S2;
Z:€M || done€ 1|| goto SO;

\4

spyucliss

done type Boolean;
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Step 1: Identify Input and Output of data and control subsystems
Multiply(X, Y, Z, start, done)

{ Input: X[15:0], Y[15:0] type bit- Z=XY
vector, start type boolean;
Local-Object : A[15:0], B[15:0], 16 -
M[31:0], i[4:0] type bit-vector; X ‘1 6 Data \ 7
Output Z[31:0] type bit-vector, Y——"|Subsystem
done type boolean;
B sl ?
start Control |
Subsystem| done

Step 0: Syntax

Multiply(X, Y, Z, start, done)

{ Input X[15:0], Y[15:0] type bit-vector, start type boolean;
Local-Object A[15:0], B[15:0] ,M[31:0], i[4:0] type bit-

vector;

Output Z[31:0] type bit-vector, done type boolean;

S0: If start’ goto SO || done €1;
SI:A€X||B€Y|i€0| M€0 | done €0;
S2: If B;s =0 goto S4 || i€i+1;

S3: M € M+A;

S4: if i>= 16, goto S6

S5: M€ Shift(M,L,1) || B€Shift(B,L,1) || goto S2;

S6: Z:€M || done € 1|| goto SO;
}

Step 2: Identify Condition Bits to Control Subsystem

Multiply(X, Y, Z, start, done)

{
1
X—\j—- 32
16 Data .
Y—*|Subsystem 4
S0: If start’ goto SO || done € 1; B,s,i ?
SIA€X ||BE Y| i€ 0]|M& 0] done€-0;
S2: If B;s =0 goto S4 || i< i+1; tart Control | |
S3: M €& M+A; sta Subsystem| 4one

S4: if i>= 16, goto S6

S5: M€ Shift(M,L,1) || B& Shift(B,L,1) ||
goto S2;

S6: Z:< M || done< 1] goto SO;

}



Step 3: Identify Data Subsystem Operations Step 4: Map Data Operations to Implementable functions
Multiply(X, Y, Z, start, done)

= Multiply(X, Y, Z, start, done
{ 2 { P ) 1” 7{?&6&67[, operation
x—16 ] Data | 32 A€X A € Load (X)
16 —— B €Y B € Load (Y)
Y—"Subsystem z M<€0 M¢& Clear(M)
) i€0 i€ Clear(i)
S0: If start’ goto SO || done €1; B4y ? i€it+1 i € INC(i)
SI:A€X|B€Y|i€0|Me€O0| done € 0; S0: If start’ goto SO || done € 1; MEM+A M& Add(M,A)
S2: If B,s = 0 goto S4 || i€i+1; Control , SLA€X|B€Y|i€0]M€0| done € 0; M&Shifi(M,L,1)M € SHL(M)
S3: M € M+A; start Subsystem S2:If B,s = 0 goto S4 || i €i+1; B<Shifi(B,L,1) B € SHL(B)
S4: if i>= 16, goto S6 done S3: M € M+A; Z:M Wires
S5: M€ Shift(M,L,1) | B€Shift(B,L,1) || goto 5'2.5 S4: if i>= 16, goto S6
e S5: M€ Shift(M,L,1) | B€Shift(B,L,1) || goto
S6: Z:€ M || done€ 1|| goto SO; S2;
} S6: Z:€ M || done€ 1] goto SO;
}
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Step 5: Implement the Data Subsystem from Standard Modules Storage COI’HpOl’lCl’l’[I Registers with control signals

D D
Registers: If C thenR € D Registers: If C then R € D
i '
R
R
operation Rﬁ.A A operation Register A
A € Load (X) . A € Load (X) D .
R| R M
B € Load (Y) X ‘t) \‘f Qﬁ” B € Load (Y) X e T A egister
M& Clear(M) ’ ' - M€ Clear(M) | D R
i€ Clear(i) LID N i€ Clear(i) » | ar| M
i € INC(i) 2) 32 i € INC(i) Register B |
M& Add(M,A) Roﬁb M&E Add(M,A) 16

M & SHL(M) ¢lr M €& SHL(M) Y A‘_'DLD RLA
B < SHL(B) T%T B B € SHL(B) I B[15]
(ZYuires ’ :




Data Subsystem

operation

Register A <

—~——1

A € Load (X)
B € Load (Y) z Adder
M€ Clear(M) X “E7 8 Register M
i< Clear(i) |
i € INC() D
M€ Ad ) ar | M
M € SHL(M) !
B ¢ SHL(B
W‘"u Register B SH
, 16
\( D R —
p | B
I
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Function Modules: Adder, Shifter, Counter
operation
A € Load (X)
B € Load (Y) . Sel
M &€ Clear(M) R T e | [ ResiserM
i€ Clear(i) K =D R B St+—10 Rl
i € INC(i) 16 [ | A 1[5 loos M
Mé& Add(M,A) I ]
M € SHL(M) Co C c, G
B € SHL(B)
Selector Register B
v 16 Counter i
ﬁ D R B |_> B[IS] D . ounter 1
L]D CLR Inc ’—» 1[4]
Cz C5 T
6 C7 15

Function Modules: Adder, Shifter

operation
A € Load (X)
B € Load (Y)
. A

M€ Clear(M) Feester Adder
i€ Clear()  y D R B e
i € INC() 6 [w |
M& Add(M,A) |
M € SHL(M) o
B < SHL(B)

Selector Register B

v 16
D R B [ B[5]
EVBY
C, —[C5

Selector i
Register M
0 p R
! 32 |LDCLR| L
C, C, G

Registers B and M have

multiple sources.

Step 6: Map Control Signals to Operations

operation control
A € Load (X) Co=1
B € Load (Y) C=0 and Cs =1 Register A

M€ Clear(M) C3=1
i€ Cleari) Ce=1 X D R
i € INC(i) C;=1(4=0 16 | LD

M€ Add(M,A) Ci=0and C,=1 |
M € SHL(M) C=landC=1  Go

Selector

Register M

M

e B[15]

B < SHL(B) C>,=1and Cs =1
16 Selector RegisterB
Y
D R|B
C, ‘[CS

Counter i
D R

CLR Inc —E)i[4]

éﬁ [C7 16




Step 7: Identify Control Path Components

Multiply(X, Y, Z, start, done) 7=XY
{
X Data 32
16 —
Y—%"|Subsystem Z
S0: If start’ goto SO || done€-1; B[15], i[4] Cor
SI: A€ X || B €Y || i€0 || M€O0 || done €0; '
S2: 1f B,s = 0 goto S4 || i€i+1;
S3: M €MH+A. start—— Control T
S4: if i>= 16, goto S6 Subsystem | done
S5: M€Shif((M,L,1) | B€Shift(B,L,1) || goto
S2;
S6: Z:€M || done€-1|| goto SO; i[4]—— -
) I e Control Cos
B[15] Unit
start — done
17
operation control

A € Load (X) C,=1
B € Load (Y) C,=0and C; =1
M& Clear(M) C,=1
i€ Clear(i)  Cc=1
i €INCGH)  C=1 (=0
M€ Add(M,A) C,=0 and C,=1
M € SHL(M) C,=1and C;=1

Multiply(X, Y, Z, start, done) {

f start’ goto SO || done€-1;
S1: A€ X||B €Y | i€0| M€O0 | done €0;
S2:If Bs =0 goto S4 || i€it+1;
S3: M €M+A;
S4: if i>= 16, goto S6
S5: M€ Shift(M,L,1) || B€Shift(B,L,1) || goto S2;
S6: Z:€M || done€ 1| goto SO0;} )

B € SHL(B) C,=1and Cs=I
co [c1 f{c2 |c3 [c4 [c5 [c6 [c7 [done
Load A | Feed M | Feed B [ CIrM | Load M | Load B | Clri |Inci
so [0 [—]—]o Jo Jo Jo Jo [
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B[15], i[4]

start 1

Stadd |
&

~

Uy

Data

Subsystem Z

Subsystem

Control

operation control

A € Load X) Cy=1

B € Load (Y) C,=0and Cs =1
M€ Clear(M) C;=1

i€ Clear(i)  C,=1

i € INC(i) C;=1

M€ Add(M,A) C,=0 and C,=1
M € SHL(M) C=1and C,=1

Multiply(X, Y, Z, start, done) {

S0: If start’ goto SO || done€-1;

SI: A€ X ||B€Y | i€0| M€0 | done €0;

S2: If B;5 =0 goto S4 || i€i+1;

S3: M €M+A;

S4: if i>= 16, goto S6

S5: M€ Shift(M,L,1) || B€Shift(B,L,1) || goto S2;
S6: Z:€M || done€-1| goto S0;}

B € SHL(B) C,=and C;=1
co [c1 [c2 |c3 |ca [cs [ce [c7 [done Done
— Load A | FeedM | Feed B | CIrM | Load M | Load B | C|r | Inci go
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Design of the Control Subsystem

Multiply(X, Y, Z, start, done)

{

S0: If start’ goto SO || done€-1;
SI:A€ X ||B €Y | i€0| M€O0||
done €0;

S2: If B;s =0 goto S4 || i€i+1;
S3: M €M+A;

S4: if i>= 16, goto S6

S5: M&Shift(M,L,1) ||
B&Shift(B,L,1) || goto S2;

S6: Z:€M || done€-1|| goto SO
}

i[4]———

B[15]
start —

—>Co.7 {
» Sft::;t:felm S0: If start’ goto SO || done€-1;
—~done SI:A€ X ||B €Y | i€0| M&O ||
done €0;
S2: If B;s = 0 goto S4 || i€i+1;
S3: M €M+A;

Control Subsystem

Multiply(X, Y, Z, start, done) .. ‘@ @

S4: if i>= 16, goto S6

S5: M€Shift(M,L,1) |
B€Shift(B,L,1) || goto S2;

S6: Z:€M || done€1|| goto SO
}
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12 Control Subsystem: One-Hot State Machine

. Stals .
State Assignment (Q\J(and boo o152 m‘% Design

Binary [bybiby | |Gray |bybibg | | 0% 1ot [bybgbsbybabybyb, | oMo FF oD
so Jooo | [so Jooo | [s0 00000001 | frofdq o~ nput: Stafe Diagram
1.Use a flip flop to replace each state.

S1 001 S1 001 S1 00000010 Vu£u£ . .

_[. . Set the flip flop which corresponds to the initial state and
s2  |010 s2 o1l S2 00000100 rus- reset the rest flip flops.
S3 011 S3 010 S3 00001000 2.Use an OR gate to collect all inward edges.
S4 100 S4 110 S4 00010000 3.Use a Demux to distribute the outward edges.
S5 101 S5 111 S5 00100000
S6 110 S6 101 S6 01000000
S7 111 S7 100 S7 10000000

One Hot Encoding: n bits for n states. Bit i=1 for state i.
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Control Subsystem: One-Hot State Machine
Design

One-Hot State
Machine

Input: State Diagram

—>$6 1.Use a flip flop to replace each state.
s1 Set the flip flop which corresponds to the initial state and
S| < A S6 reset the rest flip flops.
2.Use an OR gate to collect all inward edges.
£2 s < >S¢ 3.Use a Demux to distribute the outward edges.
BIS’
i[4]
— SS
S3 AS4 I‘"D——]
Sy
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Implementation. Example Step 1: Identify Input and Output of data and control subsystems
Given a hardware program, implement data path and control Some_function
subsystems { Input X[7:0], Y[7:0] type bit-vector,
{ Input X[7:0], Y[7:0] type bit-vector, start type boolean; start type boolean; ' g
Local-Object A[7:0], B[7:0] type bit-vector; Mb@i&ig A[7:0], B[7:0] type bit-vector, g
Output Z[7:0] type bit-vector, done type boolean; Qutput ﬁ;oét?sot:;::tor’ v 8 Data |’ .7
Wait: If start’ goto Wait || done€1; P e | Subsystem

S1: A €X || B €Y]|| done €0; ¢ ¢ 0 0
S2: If B >= 0 goto S4; ’ )
S3:B G-B, : Control -
S4: If A >= B goto S6; start  |Qubsystem| done
S5:A €A+ 1| B €B-1 || goto S4; :
S6:Z €4 * A || done €1 || goto Wait; }
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Step 2: Identify Data Subsystem Operations

Some_function
{ Input X[7:0], Y[7:0] type bit-vector,
start type boolean;
Local-Object A[7:0], B[7:0] type bit-vector;
Output Z[7:0] type bit-vector,
done type boolean:
Wait: If start” goto Wait || done€-1;

S1: A €X|| B €Y|| done €0; start

S2: If B >= 0 goto S4;

S3:B €-B;

S4: If A >= B goto S6;

S5:A €A+ 1| B €B-1|| goto S4;
S6: Z €4 * A || done €1 || goto Wait;

7=

8
X 3 Data | | 7
Y——1Subsystem
? ?
Control ,
Subsystem done

4 Ceiling[ (X +|Y] )/ 2] if X<|Y]

4X otherwise
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Step 2: Map Data Operations to Implementable functions

{1 ) 0

Ontn
A\, D

Wait: If start’ goto Wait || done€-1;
S1: A €X || B €Y]|| done <=0;
S2: If B >= 0 goto S4;
S3: B €-B;
S4: If A >= B goto S6;
S5: A €A+ 1| B € B-1| goto S4;
S6: 7 € 4 * A || done € 1 || goto Wait;

operation
A€X A € Load (X)
B<Y B € Load (Y)
B<-B B<CS(B)
A>=B Comp (A, B)

A€ A+1 A€ INC(A)
B ¢ B-1 B < DEC (B)
Z€4A  Z € SHL(A)
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Step 2: Identify Data Subsystem Operations

Some_function
{ Input X[7:0], Y|7:0] type bit-vector,
start type boolean;
Local-Object A[7:0], B[7:0] type bit-vector;
Qutput Z[7:0] type bit-vector,
done type boolean;
Wait: If start’ goto Wait || done€-1;
S1: A €X|| B € Y|| done <= 0;
S2: If B >= 0 goto S4;
S3: B € -B;
S4: If A >= B goto S6;
S5:A€ A+ 1| B€ B-1|| goto S4;
S6: Z € 4 * A|| done € 1 || goto Wait;

x—8—

8

Data

Y—%—*Subsystem

start

_\_.Z

? ?

Control
Subsystem

done
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Step 3: Tag each Data Operations with a Control Signal

operation
A<€X A € Load (X)
B<Y B € Load (Y)
B<-B B<CS(B)
A>B Comp (A, B)

A€ A+1 A€INC(A)
B ¢ B—1 B € DEC (B)
Z € 4A 7 € SHL(A)

X—8—

8

Data

Y— 1 Subsystem

start

?

Control
Subsystem

done
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