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High Level Synthesis

 Hierarchical Description
— 4-Phase Handshaking

» Graph Representation
— Control/Data Flow Graphs

« Data Subsystem
— Allocation
— Binding

» Scheduling

— Finite State Machine

Reference:
Bluespec System 5
FPGAs for Software Programmers, D. Koch, F. Hannig, D. Ziener, Springer 2016



High Level Synthesis

« Describe system in programs
« Data subsystem
— List data operations
— Map operations to functional blocks
— Add interconnect for data transport
— Input control signals and output conditions
« Control Subsystem
— Derive the sequence according to the hardware program
— Create the sequential machine
— Input conditions and output control signals



Example: Multiplication

Input X, Y
Arithmetic Output £

Variable M, i
Z=X x Y . Mo
« M=0  Fori=n-1t00
» Fori=n-1t0 0 — ITY5,=1, M=M+X

_IfY.=1, M=M+X x 21 — Sh-lftY Ieft-by one bit
— If 1 1=0, shift M left by one

« /=M bit

« /=M






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, done type Boolean;
SO: If start’ goto SO || done €1,
SILA€X||B€Y|i€0| M€0| done €0;

S2: 1f B, =0goto 4 || 1 €1+1;

S3: M € M+A;

S4: if 1>= 16, goto S6

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

¥




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

}




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- £=XY
vector, start type boolean;

Local-Object : A[15:0], B[15:0], 16
M[31:0], i[4:0] type bit-vector; X 16| Data 32 >
Output Z[31:0] type bit-vector, Y——Subsystem
done type boolean; f
BlS1i4 ?
start_ | Control |,
Subsystem| done




Step 2: Identify Condition Bits to Control Subsystem
Multiply(X, Y, Z, start, done)

{
v —16
X Data 32
16 —
Y—5"—Subsystem Z
SO: If start’ goto SO || done < 1; Bis,1 14 ?
SLAEX|[|BE Y ||i€ 0| M€ 0| done€o0; e
S2: If B,: = 0 goto S4 || i< i+1; start——1 bon ol |,
S3: M & M+A; Subsystem| 45ne

S4: if 1>= 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
Multiply(X, Y, Z, start, done)

{ Z=XY
X o Data 32
16 —
Y—Subsystem V4
SO: If start’ goto SO || done €1; Bid,14 ?
SI.A€X||B€Y|i€0|Me€O| done € 0; y
S2: 1f B, = 0 goto S4 || i €i+1; start - Control :
53: M € M+A; Subsystem| 4one
S4:1f 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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Step 4: Map Data Operations to Implementable functions

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

{ operation
A< X A €< Load (X)
B <Y B < Load (Y)
M&0 M<& Clear(M)
<0 1< Clear(i)
i<i+ 1 I < INC(i)
SO: If start’ goto SO || done €1; ME&M+A M& Add(M,A)
SLA€X|B€Y|i€0|M€O | done € 0; M&shift(M,L,1)M € SHL(M)
S2:1f Bys = 0 goto S4 || i €i+1; B<Shift(B,L,1) B € SHL(B)
S3: M € M+A,; 7Z: &M Wires

S4:1f 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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Step 5: Implement the Data Subsystem from Standard Modules

Registers: If CthenR € D

operation

A € Load (X)
B < Load (Y)
M<& Clear(M)
1< Clear(i)

| < INC(i)
M<& Add(M,A)
M <& SHL(M)
B < SHL(B)

D
)

LD

l
R
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Storage Component: Registers with control signals

Registers: If CthenR € D

operation

A € Load (X)
B < Load (Y)
M<& Clear(M)
1< Clear(i)

| < INC(i)
M<& Add(M,A)
M <& SHL(M)
B < SHL(B)

Register A

X ——P
16 LD

Register B

16

V — D

LD

R

D

1

IR

——— Register M

—~—4D R~
32 CLR M

B[15]
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Data Subsystem

operation

A < Load (X) Register A
B € Load (Y) 5
M€ Clear(M) X = R
1< Clear(i) |
| < INC(i)

M<& Add(M,A)

M & SHL(M)

B < SHL(B)

Register B

16
Y —~—P R
p | B

Register M

D R—~
32 CLR
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Function Modules: Adder, Shifter

operation
A < Load (X)
B €< Load (Y) . X
M€ Clear(M) Register A > AAdder Selector Register M
i< Clear(i) yx ——D R JB S0 R
| € INC(i) 16 || A 1 T3 et ™
M& Add(M,A) | ] N
M & SHL(M) Co c C, Cs
B < SHL(B)
" Selector  Register B
L AN Registers B and M have

B .
1 D R BIIST multiple sources.
I > LD
w |

Cs
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Function Modules: Adder, Shifter, Counter

operation
A € Load (X)
B € Load (Y) Register A
M<& Clear(M)
1< Clear(i) ¥ ——D R
1 < INC(i) 16 | LD
M€ Add(M,A) |
M € SHL(M) Co
B < SHL(B)
Selector Register B
16
Yo,
X D R B
Lt e
C, |(35

L
C6 C?

> A Selector ~eqister M
egister
Adder [T J
> B > O »> D R
‘ 1 32 |LDCLR M
BI15 Counter i
7B g Rml
CLRInc| '— i[4]
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Step 6: Map Control Signals to Operations

operation control

A € Load (X) Co=1 | Sel
B € Load (Y) C2=0and Cs=1 Register A —> A ictor Register M
M& Clear(M) Cs=1 Adaer
i< Clear(i)  Ce=1 x —~—P R——B "0 D R
i < INC(i) C,=1 16 — ‘ 1 32 |pcr|
M& Add(M,A) Ci=0and C,=1 | ' N
M € SHL(M) Ci=landC,=1  Cg /f
o C, Cs
B« SHL(B) Co=landCs=1
" Selector Register B
Y .
——0 Counter |
S > LD -
| CLRInc| — i[4]
C, Cs [ ]
Ces C; 17




Step 7: Identify Control Path Components

Multiply(X, Y, Z, start, done) /=XY
{

;6
X Data 32

y—16.. Subsystem VA

SO: If start’ goto SO || _doneél; B[15], i[4] Cor
S1: A€ X||B€Y | i€0]| M€O0 || done €0; |
S2: If Bz = 0 goto S4 || i€i+1; Control
S3: M €M+A; Start——"1 .
S4: if i>= 16, goto S6 Subsystem| done
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

A 4

A 4

Control
Unit

A 4

A 4




x 6.

v 16

Data

B[15], i[4]

Subsystem

start—

Control
Subsystem
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operation control

A€ Load (X) Cy=1

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

1< Clear(i) Ce=1

| < INC(i) C,=1

M& Add(M,A) C,=0 and C,=1
M &« SHL(M) C;=1and C,=1
B< SHL(B) Co,=1landCs=1

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

SO: If start’ goto SO || done€-1;

SL:AEC X ||B€Y | i€0| M€O0 || done €0;

S2: 1f B, =0 goto S4 || i€i+1;

S3: M €M+A;

S4:1f i>= 16, goto S6

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

Co |C1 |C2 |[C3 |C4 |C5 |C6 |C7 |done
Load A | FeedM | Feed B | CIrM | LoadM | LoadB | ClIri | Inci

SO |0 0 0 0 0 0 1

S1 |1 1 0 1 1 0 0

S2 |0 0 0 0 0 1 0

S3 |0 0 1 0 0 0 0

S4 |0 0 0 0 0 0 0

S5 |0 0 1 1 0 0 0

S6 |0 0 0 0 0 0 1
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operation control Multiply(X, Y, Z, start, done) {

A € Load (X) Cy=1 SO: If start’ goto SO || done€1;

B € Load (Y) C,=0and Cs =1 SI.A€ X||B€Y|i€0| M&O || done €0;
M& Clear(M) C;=1 S2: 1f B, =0 goto S4 || i€i+1;

i< Clear(i) Cs=1 S3: M €M+A;

i €< INC(i) C,=1 S4:if i>= 16, goto S6

M€ Add(M,A) C,=0 and C,=1 S5: M€Shift(M,L,1) || B&Shift(B,L,1) || goto S2;
M € SHL(M) C,=1and C,=1 S6: Z:€M || done€ 1| goto SO;}

B < SHL(B) C,=1and Cs=1

CO |C1 |[C2 |C3 |C4 |C5 |C6 |C7 |done
Load A | Feed M | FeedB | CIrM | LoadM | LoadB | Clri | Inci

SO0 |0 X X 0 0 0 0 0 1

S1 |1 X 0 1 0 1 1 0 0

S2 |0 X X 0 0 0 0 1 0

S3 |0 0 X 0 1 0 0 0 0

S4 |0 X X 0 0 0 0 0 0

S5 |0 1 1 0 1 1 0 0 0

S6 |0 X X 0 0 0 0 0 1
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Design of the Control Subsystem

: 1[4] > .
Multiply(X, Y, Z, start, done) control | %
{ BIL3] ] Subsystem__> done
SO: If start’ goto SO || done€<-1; start >

SI.A€ X||B €Y | i€0||M&O0 || done €0;
S2:1f B, =0 goto S4 || i€i+1;

S3: M €M+A;

S4:1f 1>= 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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Control Subsystem

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

{
SO: If start’ goto SO || done€-1;

SI.A€ X||B€Y|i€0|| MO ||
done €0;

S2: 1f Bys = 0 goto S4 || i€i+1;

S3: M €M+A;

S4: if 1>= 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]
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Binary | b,b,b,
SO 000
S1 001
S2 010
S3 011
S4 100
SO 101
S6 110
ST 111

State Assignment

Gray |b,b,b, | |OneHot b bb.b,b,b,bby
SO |000 SO (00000001
s1 |00l SI 00000010
s2  |o11 S2 100000100
s3  |010 S3 (00001000
S4  [110 S4 00010000
S5 |111 S5 00100000
s6  |101 S6 (01000000
S7  |100 S7 10000000

One Hot Encoding: n bits for n states. Bit i=1 for state I.

24




Control Subsystem: One-Hot State Machine
Design

Input: State Diagram

1.Use a flip flop to replace each state.
Set the flip flop which corresponds to the initial state and
reset the rest flip flops.

2.Use an OR gate to collect all inward edges.
3.Use a Demux to distribute the outward edges.

25



One-Hot State
Machine

start




Control Subsystem: One-Hot State Machine
Design

Input: State Diagram

1.Use a flip flop to replace each state.
Set the flip flop which corresponds to the initial state and
reset the rest flip flops.

2.Use an OR gate to collect all inward edges.
3.Use a Demux to distribute the outward edges.
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Implementation: Example

Given a hardware program, implement data path and control

subsystems _
{ 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;

S2: 1f 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;

28



Step 1: Identify Input and Output of data and control subsystems

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; % 8
Output Z[7:0] type bit-vector, 8: Data :8 7
done type boolean; Y Subsystem
? ?

\ 4

- Control |,

29



Step 2: Identify Data Subsystem Operations

Some_function

{ X Data 3
3 —— 7
Y—Subsystem
? ?

Wait: If start” goto Wait || done€-1;

S1: A €X || B €Y]|| done €0; start Control

S2: If B >= 0 goto S4; ) I done

53 B <-B: Subsystem

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

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

Z= 4X otherwise
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Step 2: Identify Data Subsystem Operations

Some_function

{

Wait: If start” goto Wait || done€-1;
S1I.A€X || B € Y|l 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—
:

Data

Y—

Subsystem

%Z

A

?

\ 4

?

start

Control
Subsystem

done
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Step 2. Map Data Operations to Implementable functions

{l

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;

operation
A< X A < Load (X)
B&Y B < Load (Y)
B&<-B  B< CS(B)
A>=B Comp (A, B)
A<CA+1 ACINC(A)
B<B-1 B < DEC(B)
Z<4A Z < SHL(A)
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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) X oo | 8

] 8 — 7
B&-B B<CS(B) Y—Subsystem
A>B Comp (A, B) .
A&EA+1 ASINC(A) ?
B&<B-1 B < DEC(B) v
7 & 4A Z € SHL(A) start | Control |,

Subsystem| done
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Step 4: Identify Condition Bits to Control Subsystem

{l
x—8— Data 8
8 —— 7
Y— 1 Subsystem
Wait: If start’ goto Wait || done€-1; B; A>B Cose
S1: A€ X ||B € Y] done € 0; Y
S2: If B > 0 goto S4; start__ | Control
S3: B € -B; Subsystem| done

S4: If A> B goto S6;
S5:A€A+1||B € B-1||goto S4;
S6:Z € 4*A| done€ 1 || goto Wait;
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Step 5: Implement the Data Subsystem from Standard Modules

operation
A < Load (X)
B < Load (Y)
B < CS (B)
Comp (A, B) Register A
A < INC (A)
B < DEC (B) X =D R—>~—
Z & SHL(A) | = a
Cy
Register B

8

LD

| B[7]
C,

35



CS

A

\ 4

ShiftReg
LD Shift

Ce Cy

\ 4

|j DEC [«
2
1
Y lo Reg
s,;S| |Lo
[ | >
C,C; Cs : Comp
C; Cy
|
S LD
X — A
1 PReg
A>B
INC [
B[7]
start

\ 4

Control
Unit

v



Step 6: Map Control Signals to Operations
Step 7: Identify Control Path Components

SO: If start’, goto SO, else goto S1 || done€1l ¢qre ‘@ )
SI.A< X||B € Y| done € 0| goto S2

S2: If B’<7> goto S4, else goto S3

S3:B €« CS (B) || goto S4

S4: If k goto S6, else goto S5

S5:A< INC (A) || B € DEC (B) || goto S4
S6:Z < A|| goto S7

S7.Z < SHL (2) || goto S8

S8:Z <« SHL (2) || done € 1 ||goto SO

start




One-Hot State Machine

start ’
start

SO
start’
l l start
S1
v
S2
’l l B7
S3

A 4

A 4

)
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SO: If start’, goto SO, else goto S1 || done<=1
SI.A< X||B € Y| done € 0 || goto S2
S2:1f B’<7> goto S4, else goto S3

S3:B <« CS (B) ||goto S4

S4:1f k goto S6, else goto S5

S5:A < INC (A) || B €« DEC (B) || goto S4
S6:Z < A|| goto S7

S7.Z < SHL (2) || goto S8

S8:Z < SHL (2) || done<=1 || goto SO

z
Comp | hiftRef—

| D Shil‘t

CG C7

\ A 4

A>B

\ 4

Control

B[73 » Unit
start—>

12222222
I

C1

C2

C3

~

ol

(@]

O
\l

don

@D

SO

S1

S2

S3

S4

SO

S6

ST

S8

O OO rP| O 0|0k, |O |>»0

O 1O O PO |FRP IOk, | O |ma

O IO P O OO OO0 |0O |NO

PR P O O O 0| 0|0 | 0o

P OO O OO0 | OO |k
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Summary

Hardware Allocation

Balance between cost and performance
Resource Sharing and Binding

Map operations to hardware
Interconnect Synthesis

Convey signal transports
Operation Scheduling

Sequence the process

40



Remarks:

1.Implement the control subsystem
with one-hot state machine design.
2.Try to reduce the latency of the whole
system.
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