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System overview

Dataflow programming paradigm

Dataflow Processing Element (DPE)
Queues (FIFO), Stacks (LIFO), Queued-Stacks
Datapaths
Lookup Tables
Microcode Control
Finite State Machines (FSM)

On-chip Networks
Serializers & Deserializers (SERDES)
Cross bar switches
Arbiters
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Synchronous Dataflow (SDF) Tutorial S
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Synchronous Dataflow (SDF) Tutorial

Actor “Fires” when

Queues are used it receives correct
to buffer tokens number of tokens

Queue Queue
Tokens =
Queue Queue
Tokens =
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Programming a Dataflow Engine s
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Programming a Dataflow Engine

IN2
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Dataflow Processing Element (DPE)

OE=ECE]
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Filter Subsystem: FIR Filter
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Filter Subsystem: IIR Filter
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Fuzzy Logic Based Sensor Fusing DPE

[BEE=ECE

v
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Dataflow Processing Element (DPE)

Queues (FIFO), Stacks (LIFO), Queued-Stacks
Datapaths

Lookup Tables
Microcode Control
Finite State Machines (FSM)
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ECE

FIFO/Queue & LIFO/Stack

First In First Out (FIFO)

Initialize read and write pointers to first element
Queue is EMPTY
On write, increment write pointer

If write almost catches read, Queue is FULL
On read, increment read pointer

Last In First Out (LIFO)

Also called a stack
Use a single stack pointer for read and write
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FIFO/Queues i

Queues allow data to be read and written at different rates.
Read, Write each use their own clock, data

Queue indicates whether it is full or empty

Build with multi-ported SRAM and read/write counters (pointers)

WriteClk —» <«— ReadClk

WriteData —%»  Queue —/» ReadData

FULL €«— —» EMPTY
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ECE

LIFO/Stack

Stack uses a single pointer that points to last valid data entry.
Pointer is pre-incremented before write during a push op
Pointer is post-decremented after read during a pop op

TOS TOS TOS
SP > M
R R item = pop() R
X X item=M X
BOS A BOS A BOS A
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Queued-Stack (QS) UT==1263

Merges function of a Queue and a Stack into single element
Uses two circular pointers and 2 port R/W memory
Depth of the QS is determined by the algorithm executed by the

POP PUSH
<------  mmmee—— >
Stack Pointer Stack Pointer Stack Pointer
Register Register Register
Channel Data’ l l l
Write BOS Read BOS
> >
] 2RD/2WR 2RD/2WR 2RD/2WR
— Write TOS|  paM Word RAM Word RAM Word Read TOS
E—
>
: i i i
=]
@
= Queue Pointer Queue Pointer Queue Pointer
] ¢ Register Register Register <
o
4. _______
INSERT
Page 15

8/26/18

VLSI-1 Class Notes



QS Operations UT==[e3

Operation Description

PUSH ROTATE TOS POINTER RIGHT AND WRITE RESULT-BUS VALUE TO NEW TOS
POP ROTATE TOS POINTER LEFT (W/O WRITE)
POP_WR ROTATE TOS POINTER LEFT AND WRITE RESULT-BUS VALUE TO NEW TOS
INS ROTATE BOS POINTER LEFT AND WRITE RESULT-BUS VALUE TO BOS
INS_NW ROTATE BOS POINTER LEFT (W/O WRITE)
PUSH_NW ROTATE TOS POINTER RIGHT (W/O WRITE)
TOP WRITE RESULT BUS VALUE TO TOS W/0 ROTATING POINTER
BOT WRITE RESULT BUS VALUE TO BOS W/0 ROTATING POINTER
TOP_BOT WRITE RESULT BUS VALUE TO TOS/BOS W/0 ROTATING POINTERS
PUSH_INS ROTATE BOTH POINTERS AND WRITE RESULT-BUS VALUE TO TOS/BOS
POP_BOT ROTATE TOS POINTER LEFT AND WRITE RESULT-BUS TO BOS
POP_INS ROTATE TOS POINTER LEFT, ROTATE BOS LEFT AND WRITE RESULT-BUS TO NEW BOS
POP_WR_BOT ROTATE TOS POINTER LEFT AND WRITE RESULT-BUS TO BOS AND TO NEW TOS
PUSH_NW_BOT ROTATE TOS POINTER RIGHT AND WRITE RESULT-BUS TO BOS
TOP_INS ROTATE BOS POINTER LEFT AND WRITE RESULT-BUS TO TOS AND TO NEW BOS
NOP No OPERATION

8/26/18
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DPE using multiple Queued-Stacks

Events —>»

Actor/Event Queue

RESULT_BUS

Recirculated Actors

BEE=ECE
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Datapaths
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DPE Datapath

BOE=ECE

Data Data
source Scaling & MAC Unit Writeback || SFU & Logical Unit
Selection Selection
A 2
TOS-RQS @ S
IMM_DATA — § E E
BOS-RQS 5 ;. 2
L > ABUS 2 2 v
Qs1-BUS ABUS_SHFT _ W ecia A-BUS_SHFT
TOS-RQS » Shifter -
— / L ZERO Function
BOS-RQS ' .
—> Unit B-BUS_SHFT
Write
IMM_DATA MULT + > Back
L Unit A-BUS_SHFT
QS2-BUS \ r Logi?al
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v
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Datapath Operations

SHIFT SHIFT SHIFT DATA MSB
M(,:DE a TAC L O% OPERATION
<44> <38:34> | <32> <19>
1 0-31 0 . - LEFT ARITHMETIC SHIFT, LOGIC 0 PADDING
1 0-31 1 - 0 LEFT ARITHMETIC SHIFT, LOGIC 0 PADDING
1 0-31 1 0 0 RIGHT ARITHMETIC SHIFT, LOGIC 0 PADDING
1 0-31 1 1 1 RIGHT ARITHMETIC SHIFT, SIGN EXT. PADDING
0 0-31 0 - 0 LEFT BARREL SHIFT
0 0-31 1 - 1 RIGHT BARREL SHIFT
Murt DATA
MODE TC OPERATION
<31> <19>
0 - NO OPERATION
1 0 UNSIGNED MULTIPLY
1 1 SIGNED MULTIPLY AD:;@UB S;)Z D’II%A OPERATION
<19>
0 0 0 UNSIGNED ADD
0 0 1 SIGNED ADD
0 1 0 SATURATED UNSIGNED ADD
0 1 1 SATURATED SIGNED ADD
1 0 0 UNSIGNED SUBTRACT
1 0 1 SIGNED SUBTRACT
1 1 0 SATURATED UNSIGNED SUBTRACT
1 1 1 SATURATED SIGNED SUBTRACT
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Lookup Tables
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Lookup Table (LUT)

Combinatorial logic is stored in
Look-Up Tables (LUTSs)

Also called Function Generators (FGs)

Capacity is limited by the number of 0
inputs, not by the complexity
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SRAM Based Lookup Table

Normal LUT mode performs
read operations

Address decoder with write
enable generates clock signals
to latches for write operations

ECE

Data In

/ ckO

ck1

o | ck2
o

In0 § k3
In1 |O
(7))

In2_ [ & ck4
3

< | ck5

ck6

Write |\

ck7

Enable
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Microcode Control
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Microcode controller

Microcode word is 96 bits wide
32 bits is used for the micro-engine control
Remainder is used for datapath control
Combination of one-hot control bits and encoded bit fields

Recirculated Operations

Ls g
FF
IMM E

Events —>

Actor/Event

Micro-engine Datapath
Queue > Instruction Control
uADDR

OFFSET LOOP oP RPT DATAPATH CONTROL

Zero.

One FF

FSM

ANANA
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Next Micro Address Detail [BEE=ECE

Sequences through a set of microcoded Actors to perform DPE
functions.

Asynchronous events inject special Actors into the sequence
Event Actors are squashed when completed

Recirculated Operations

POP PUSH
€ - >
Stack Pointer NMA (Next Micro Address)

Register
: !
Async Event #1 —p Event Write BOS —
Async Event #2 —p cOn‘::cr:Iler Write TOS R}\I:L)/AZAIEY el i ADDE "
& —— JMP ADDR
Async Event #3—p MUX T

P

> >
T ZERO
Queue Pointer
¢ Register B OE; FF
Result Bus € OFFSET
—_
INSERT 1

CLK
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Microcode fields

8/26/18

Micro-engine control:

IMMED | BRANCH Col‘l?]:);“ REPEAT | UCODE

DATA | OFFSET NUM COUNT op

<95:80> | <79:73> <1271> <70:68> | <67:64>

Datapath control:

SHFT | SHFT SHFT | SHFT

mopE | MopE | ST | SPET | e | re | muLt | sat [ PR | ADDISUB

B A | <4339> | <38:34> | B A | SIS s | <28

<45> | <44> : : <33> | <32>

Queued-Stack control for next operand selection:

READ | READ | READ | READ | o, Qs B BUS | A Bus | CHAN [ CHAN

TOS | TOS | BOS | BOS MUX | MUX
CTL CTL MUX MUX

Qs2 Qs1 Q82 | QS1 | 59,56 | <55:52:> | <51:50> | <49:48> | Q32 Qs1

<63> <62> <61> <60> ’ e ’ ’ <47> <46>

Queued-Stack control for write-back operations:

QS2 Qsl1 WB RQS
BUS BUS MUX ?:(T?E :gs BUS
SEL SEL SEL i < MUX
<23:22> | <21:20> | <18:17> : <3>
SFU & 1/0 control:
LOGIC SFU s\m :’g FIFO | GPIO
or or WE WE
<16:14> | <1z:11> | VAT | LAT 1 o0 | <0>
- : <10> <5>
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Finite State Machines (FSM)
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Communicating FSM Control Flow
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INPUT
STATE
MACHINE

o o o e e s e e

ACTOR/EVENT
QUEUE
STATE MACHINE

NS, ———————

e — e ———

A 4

e w ] s

Actor or
Event

___________________________________________________________________

e

MICROCODE
STATE MACHINE

_____________________________________

Wait for Event

Execute
ncode

BREAK

JIMP_HLT

Load PC with ]

JMP Address J
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Master FSM Verilog Code

always @ (posedge clk or negedge reset_b) begin

8/26/18

//

//

if ('reset_b) begin // In RESET
state <= 2'b0; // Start in State 0
sm_error <= 1'b0;
cpe_hold_out <= 1'bl; // Disable channel data to CPE
chan_insert <= 1'b0;
fire_early <= 1'b0; // Negate signal

if (('cpe_ready_in) && (state_0)) begin
state <= 2'b00; // Stay in STATE 0
cpe_hold_out <= 1'b0; // Negate hold
end

else if ((cpe_ready_in) && (state_0)) begin

state <= 2'b01; // GOTO STATE 1
end
J ] =
// STATE 1
J e e

else if (state_1) begin
state <= 2'bl0;
chan_insert <= 1'bl;

// GOTO STATE 2

end

VLSI-1 Clase Notes

// STATE 2: insert channel data into FIFO

else if (('dwn_ctr_zd) && (state_2)) begin
state <=2'b10; // Stay in STATE 2

end

else if ((dwn_ctr_zd) && (state_2)) begin

state <= 2'bll; // GOTO STATE 3
fire_early <= 1'bl; // Start ucode engine
cpe_hold_out <= 1'bl;
chan_insert <= 1'b0;
end
/] m e
// STATE 3: Wait for ucode engine to complete processing
J o

else if (('ucode idle) && (state 3)) begin
state " <= 2'p11;  // Stay in STATE 3
fire_early <= 1'b0; // Negate fire -

// ucode engine is running

end

else if ((ucode_idle) && (state_3)) begin

state <= 2'b00; // GOTO STATE 0
cpe_hold_out <= 1'b0; // Negate hold
fire_early <= 1'b0;
end
end // END of: else if (reset_b) begin

// END of: always @(posedge clk or negedge reset_b) begin
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On-chip Networks
Serializers & Deserializers (SERDES)
Cross bar switches
Arbiters
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NOC Topologies

Heritage of networks with new constraints
Need to accommodate interconnects in a 2D layout
Cannot route long wires (clock frequency bound)

-
u] Jui
a) SPIN, L — =
b) CLICHE & O
Mesh
(a) (b)

Y — -

T

I ——y—

= e
)

c) Torus — =
ﬁ; [ ‘_‘; l_r——J /E\\JB

d) Folded torus

/

Y " )

|[—'1,L— o ["I' a— _rJ N\ // ' 2 Y
e) Octagon S Al s EJJ \ 4 p PN N
) BFT e CU AN N N Y

I[j_ L"E EJ_ EUJ \El/ d4d r4 >1 0 mrz. }

(d) (e) (f)
*Pande, et al 2005
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Multiple DPEs connected via Channel Routers

8/26/18

Communication
Element

Sensor Sensor Sensor Sensor
Element Element Element Element
Dataflow Dataflow Dataflow Dataflow

Processing Processing Processing Processing
Element Element Element Element
Channel Channel Channel Channel
Routing |€—>] Routing [€—3 Routing }&——>| Routing

Node Node Node Node

AN A F A
Dataflow Dataflow Dataflow
Processing Processing Processing
Element Element Element
\4 $ v $ \4 $ \4 $
Channel Channel Channel Channel
Routing |[€——> Routing |&——| Routing Je——>| Routing
Node Node Node Node
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Typical NoC Router

Ly
—
m. Ly

Arbitration

= This example uses a centralized
arbitrer for all I/O ports
= Distributed arbitration can also be used
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Channel Router Node

8/26/18

X-WEST

ARBITRATION

UNIT
ROUTER

\ 4

DPE/FSU/COMM
CHANNEL
INTERFACE
Y-NORTH & FIFO
] ;
y
UNIT
ROUTER EERLE
y N
v
| uniT
CROSS-BAR -
y N
v
UNIT
ROUTER
Y-SOUTH
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Serializers & Deserializers (SERDES)
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Serializers & Deserializers (SERDES) L B

SERializer

Takes n bits of parallel data changing at rate y and transforms them into a
serial stream at a rate of n times y.

DESerializer:

Takes serial stream at a rate of n times y and changes it into parallel data of
width n changing at ratey.

o 3 . .
E® - Line Transmit
T | if——
> 35’ Serializer | i— Encoder B SE— EIFO - ——————
0OSsC Clock Clock Correction and
T
Manager Channel Bonding

!

Deserializer p————— e ———— RX Elastic :
decoder Buffer
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LFSR Based Scrambler/Descrambler

Data =)D ]
Input $ Scrambled Data
Scrambler
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Data
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Cross bar switches
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Crossbar Switching System

- Input Output :

put Receiver Buffer Buffer Transmiter
Ports >—| 1—» ]—l .—| >

>- i Cross-bar _l 1_D

Control
Routing, Scheduling
Complexity O(N**2) for an NXN Crossbar
8/26/18 VLSI-1 Class Notes
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Output
Ports
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Crossbar Switch Design [BRE=ECE

IO
E}» L, I, L, I,
__________ |
L,
|
U Tl
MWMW:,,,J --""‘a ...ﬂ"’ -‘a ()2
T e
>

From Control

Multiplexors are controlled from N**2 switches => Cost O(N**2)
the arbiter/controller/scheduler Time taken by the arbiter = O(N*-2)
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Arbiters
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Tree Arbiter Element

A1

R1 -

R2 -

MUTEX

A2
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O++\ /++O

<

— RO

— GO
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R2—» = [+ GO
A2 «—

Tree-Arbiter Element
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Multiway Arbiters

reql
gnt1
req2 <
gnt2

TA

TA <

req3 «—
gnt3
req4
gnt4 ’

TA

reqd
gnt5 ’
reqb
gnté ’

TA

ECE

TA <

req7 |
gnt7 g

req8 <

TA

i

gnt8 ’
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Tree Arbiter

reql — » gnt1
ME ME
req2 — —» gnt3
T e
req3
—» gnt2
reql — —» gnt3
ME ME ME
req2 — >< —» gnt2
req3 — —» gnt1
ME ME ME
req4 — —» gnt4
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Cascaded MUTEXes

*Mullins, Cambridge
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Static Priority Arbiters bLL

“Priority Arbiters”
Bystrov/Kinniment/Yakovlev (ASYNC’00)

First stage samples/locks current

request vector . > gntt
Static or dynamic priority 2
. . . 3
Original design updated to tackle , = | »>gnt2
performance and QoS issues i S
Felicijan/Bainbridge/Furber (ICM’03) -
req3 —» gnt3

sample/lock signal

Basis for sample/lock and prioritise arbiter

Mullins, Cambridge
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