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Calling Conventions in Software

Standardized contract about how to invoke functions
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Calling Conventions in Software

Given the calling convention,

there is exactly one way to invoke a function
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Figure from Andrew Myers



Calling Conventions in Hardware?



Calling Conventions in Hardware?

There is no one way to “call”a HW module!



“Calling” an adder in hardware

Combinational Adder
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“Calling” an adder in hardware

Combinational Adder
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“Calling” an adder in hardware

Sequential Adder
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“Calling” an adder in hardware

Sequential Adder

a,\
b —

> output

“IfIdrivea = 7,b = 2,
| getoutput = 9 after one clock cycle”

clock

o T 7 )

output //////////////%( 9 5




“Calling” a hardware module
depends on how the
module is implemented!



The abstraction gap in hardware

Hardware runs at the level of individual clock cycles & signals,
but we care about high-level transactions!
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"Adding 7 and 2
results in 9"



The abstraction gap in hardware

Hardware runs at the level of individual clock cycles & signals,
but we care about high-level transactions!

a
.\) ° > output
b —
Transactions Signals
"Adding 7 and 2 “IfIdrivea = 7,b = 2,

results in 9” | get output = 9 after one clock cycle’
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“Calling” a hardware module
involves communication protocols

|

(IO signals changing
over clock cycles)




Running example:
Ready-Valid Handshake




Ready-Valid Handshake

Mediates data transfer between a sender & a receiver

Sender Receiver




Ready-Valid Handshake

Mediates data transfer between a sender & a receiver

valid € {0, 1}

Sender sets valid := 1
when data can be sampled

Sender Receiver
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Ready-Valid Handshake

Mediates data transfer between a sender & a receiver

valid € {0, 1}

Sender sets valid := 1
when data can be sampled

Sender data: u8 Receiver
 —
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Ready-Valid Handshake

Mediates data transfer between a sender & a receiver

valid € {0, 1}

Sender sets valid := 1
when data can be sampled

Sender data: us Receiver
S —

ready € {0, 13
e —

Receiver sets ready := 1
when it can accept new data
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Ready-Valid Handshake

Invariant: data is only sent when ready & valid are both 1
during the same clock cycle

valid € {0, 1}
e

Sender sets valid := 1
when data can be sampled

Sender data:r us Receiver
—_—__________________________

ready € {0, 13
— 0

Receiver sets ready := 1
when it can accept new data

12



Problem:

These protocols are often stated implicitly (in English),
making testing & debugging hard!



Problem:

These protocols are often stated implicitly (in English),
making testing & debugging hard!
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Debugging hardware is hard

Hardware designers use
waveform viewers that
display signals’ values at

each cycle
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Debugging hardware is hard

Problem: hard to
identify when a

transaction occurred, or

how long it took!
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What if we had waveform viewers
that looked like this instead?




What if we had waveform viewers
that looked like this instead?

clock r |
W{ read W

7\ read_request )\ read_response X




Problem: need to reconstruct
transactions from signals

clock r |
N read |77

7\ read_request )\ read_response X




Problem: need to reconstruct
transactions from signals

clock r |
W{ read W

7\ read_request )\ read_response X

Il show you later how to do this!






Thesis

ardware communication protocols can be specified
as programs! \We design a DSL, Paso, which enables this.



Thesis

ardware communication protocols can be specified
as programs! \We design a DSL, Paso, which enables this.

2. Using Paso, we can build PL tools that address pain-points
with testing & debugging hardware.




A Ready-Valid Handshake in Paso



A Ready-Valid Handshake in Paso

prot send data<DUT: ReadyValid>(data: u8) {



A Ready-Valid Handshake in Paso

Parameterized over DUTs (Designs Under Test)

/ that implement the ReadyValid interface

prot send data<DUT: ReadyValid>(data: u8) {
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A Ready-Valid Handshake in Paso

prot send data<DUT: ReadyValid>(data: u8) {

DUT.valid := 1; < Indicate that we have
semantically meaningful data to send
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A Ready-Valid Handshake in Paso

prot send _data<DUT: ReadyValid>( : u8) {
DUT.valid := 1;

DUT.data := ;€ Indicate that the parameter
s the payload to be sent
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A Ready-Valid Handshake in Paso

prot send data<DUT: ReadyValid>(data: u8) {

DUT.valid := 1;
DUT.data := data;
while (DUT.ready % 1) {

step();

22

Wait until ready becomes 1
(i.e. till the receiver becomes ready)



Aside: Paso’s step() primitive

step() advances the clock by one cycle

Clock signal MI—I—

i onecycle
. .



A Ready-Valid Handshake in Paso

prot send data<DUT: ReadyValid>(data: u8) {
DUT.valid := 1:
DUT.data := data;
while (DUT.ready % 1) {

step();
}

step(); < The actual data transfer
takes one more clock cycle

24



A Ready-Valid Handshake in Paso

Simple imperative semantics, just like software!

prot send data<DUT: ReadyValid>(data: u8) {
DUT.valid := 1:
DUT.data := data;
while (DUT.ready % 1) {

step();
}

step();




What can we do with one single protocol?



What can we do with one single protocol?

1. Run concrete tests
(drive hardware modules)

drive signals

.......................... > Des|gn

.......................... . undertest ~*TTTTTTTTTT

lock |7 1 I
dy /

alid / \ / \

data A 3 % A 4 X 5 ¥




What can we do with one single protocol?

1. Run concrete tests

(drive hardware modules) 2. Infer transactions from waveforms

drive signals clock [ B I e Y e N
ready /

""""""""""""" o Design s vl A W e W

.......................... s  undertest deta 7007 3 ), R AR

l v

clock [ | f f O send_data(3); // cycle 1-3

ready /

valid / \ / \

data % 3 \H 44 N5 X 7
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Our DSL: write one protocol spec, do both!

1. Run concrete tests
(drive hardware modules)

drive signals

.......................... > DESIgﬂ
.......................... > undertest
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2. Infer transactions from waveforms

send_data(3); // cycle 1-3




Paso comes with two tools:

e an interpreter (runs tests)
o areconstructor (infers transactions from signals)



Paso protocol spec

Waveform

Interpreter

Hardware module
implementation

SystemVerilo g‘
:]--——’f’/

Transactions to execute

send_data(3);

Interpreter
clock [ | : : R o —
ready 3 / 5 %
valid / | \
data 7 4 3 V7 7
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Waveform

Reconstructor
(the cool part!)

Paso protocol spec

\ Reconstructor —

] S

30

Transaction trace

send_data(3); // cycle 1-3




Applying the Reconstructor on the Ready-Valid Example

Given the protocol definition and a waveform,

the reconstructor infers a series of transactions that are consistent with the waveform

prot send_data<DUT: ReadyValid>(data: u8) { .. }

N

» Reconstructor —

clock li A A A |
ready /

valid / \ / \

data . 3 \%. 44 X5 ¥

send_data(3); // cycle 1-3

Abstraction level raised from signals to transactions!
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Applying the Reconstructor on the Ready-Valid Example

f no transactions could have resulted in the waveform trace,
the reconstructor warns the user

prot send_data<DUT: ReadyValid>(data: u8) { .. }

clock | |

ready / \ / \ / 5 » Reconstructor » Error: no matching
. % % } % } transactions

valid j / ﬂ \ \\ / \

data 7 %( 1 )(7// %( 2 \)W % 3

/N

ready & valid are never both 1
during the same cycle!
(i.e. data transfer never occurs)



User-supplied
transactions

/

send_data(3);

\

Round-trip property

Interpreter
\ Waveform

cock [ || ‘ 1 1 F 1

Reconstructor




Round-trip property

Interpreter
/ \ S
User-supplied | send-data(3); ook [ LT L F
. cacy /
transactions Valid / \ /
data X 3 V% X 4 X 5

~_

Reconstructor Designing the

reconstructor involves
“reversing” Paso’s semantics!
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How does the reconstructor work?




Assignments as Constraints

foo := 0
Means

"Check if the current waveform value of foo is equal to 0"



Assignments as Constraints

foo := 0
Means

"Check if the current waveform value of foo is equal to 0"

foo 77774 @ 777707

Matches!
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Assignments as Constraints

foo := 0
Means

"Check if the current waveform value of foo is equal to 0"

foo 7770 Y777 foo X1 Y2777

Matches! Inconsistent!
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Assignments as Constraints

foo := 0
Means

"Check if the current waveform value of foo is equal to 0"

foo 7770 Y777 foo X1 Y2777

Matches! Inconsistent!

Treat foo == 0 as a constraint for the rest of the protocol
(or until foo is reassigned)




Assignmentin

Constraint in reconstructor
protocol body

waveform value of LHS
at the current clock cycle

LHS := RHS > RHS

36



Assignment in

Constraint in reconstructor
protocol body

LHS := RHS > RHS = waveform value of LHS
at the current clock cycle

0 = waveform(foo)

ll
S
v

foo :

foo : a = waveform(foo)

1
Q
v

36



Assignmentin
protocol body

LHS := RHS
foo := 0
foo := &

37

Constraint in reconstructor

RHS

S
[

waveform value of LHS
at the current clock cycle

G

foo 7

0



No SMT solvers needed!

X == n
x = n

/N

variable bit-vector literal



No SMT solvers needed!

All constraints in our DSL are equality constraints where one side is a constant

= can be solved efficiently (by inspecting waveform) without relying on solvers

X == n
x = n

/N

variable bit-vector literal

38



Ildea: symbolically execute protocols
& compare against waveform

prot send data<DUT: ReadyValid>(

data: u8
) l
DUT.valid := 1; clock | | ,
DUT.data := data; valid % % \
while (DUT.ready # 1) { | ; T
step(); ready / \ .



Constraints: @

Cycle O
prot send data<DUT: ReadyValid>( J'
data: u8
) ;
DUT.valid := 1; clock | . .
DUT.data := data; valid \
while (DUT.ready # 1) { | : |
step(); ready / \ .
itep()- data . 5, W



Constraints: @

Cycle O
DUT.valid := 1; clock ‘ . [
valid \
ready / \ :
data 5 W




Constraints: @

Cycle O

l

Check if current waveform
value of valid =7 1

DUT.valid := 1; <« / clock \
valid \
T\
data 5 W

'



Constraints: @

Cycle O

l At current clock cycle: valid = 1

Check if current waveform /
value of valid =7 1 ;
DUT.valid = 1; clock | / . .
valid \
ready / \
data 5 G




Constraints: { 1 =1 }

A

Cycle O

DUT.valid := 1 is consistent w/ waveform!
l Add a new constraint.

Check if current waveform
value of valid =? 1

DUT.valid = 1; </ clock |
valia \
Y S S
data 5 W




Constraints: { 1 =1 }

A
\ Waveform value of valid
Cycle O

@ current clock cycle

RHS of the stmt
l DUT.valid := 1

Check if current waveform
value of valid =? 1

DUT.valid = 1; </ clock ‘
valid \
S S
data 5 W

45



Constraints: { 1 =1 }

Cycle O
clock ‘ . ,
DUT.data := data; valid \
ready / \ [
data 5 777




Constraints: { 1 =1 }

Cycle O

l

(data) from waveform clock ‘

DUT.data := data; ej valid \
\

Look up current value of RHS

ready é /

G

'

daEII 5'




Constraints: { 1 =1 }

Cycle O

l

(data) from waveform clock ‘

DUT.data := data; <'J valid \
\

Look up current value of RHS

ready é /

G

daEII 5'

T

At current clock cycle: data = 5




Constraints: { 1 = 1, data = 5 }

T

Cycle O |
Add a new constraint data = 5
clock ‘
DUT.data := data; valid \
ready ; / \
data 5 G




DUT .data

:= data;

Cconstraints: { 1 = 1, data = 5 }

Cycle O

RHS of the stmt

clock ‘

[\

Waveform value

@

DUT.data := data ofdata

current cycle

valid

ready 5

\

\

data

G




Constraints: { 1 = 1, data = 5 }

Cycle O

l

clock ‘ . .

valid \

while (DUT.ready # 1) { | ; |
step(); ready / \ l
} data - 5 M




Constraints: { 1 = 1, data = 5 }

Cycle O
ready = @ currently,
l SO advance to next clock cycle
clock ‘
valid \
while (DUT.ready # 1) { | ; |
step(); ready / \ .
| data 5 52722




Constraints: { 1 = 1, data = 5 }

Cycle 1

l

clock | .
valid \
while (DUT.ready # 1) { | ; |
step(); ready / \ l
} data - 5 M




Constraints: { 1 = 1, data = 5 }

Cycle 1

We now have ready = 1,
l so exit while-loop

clock | . .

valid \

while (DUT.ready # 1) { | ; |
step(); ready / \ .
} data - 5 M




Constraints: { 1 = 1, data = 5 }

Cycle 1
clock | . .
valid \
ready / \ :
data 5 W

step();



step();

Constraints: { 1 = 1, data = 5 }

clock

Cycle 1

l

Advance to next clock cycle

vamjé

ready 5

\

\

data

G




Constraints: { 1 = 1, data = 5 }

Cycle 2
clock | . .
valid \
ready / \ :
data 5 W

step();



Constraints: { 1 = 1, data = 5 }

o | Cycle 2
Finished symbolically
executing send_datal! l
clock i
vali \
ready / \
data 5 G




Inferred transaction trace:
send_data(5);
prot send data<DUT: ReadyValid>(

data: u8
) 1 |
DUT.valid := 1; clock | . .
DUT.data := data; valid é ; \
while (DUT.ready # 1) { | : |
step(); ready / \ .
itep()- data . 5, W
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Inferred transaction trace:
send_data(5);
prot send data<DUT: ReadyValid>(

data: us8
) :

DUT.valid := 1; clock

DUT.data := data; _ : T4 i |
while (DUT.ready = 1) | transactions _ send_data(5) XY 77

step();
}
step();
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Ongoing Evaluation

Goal: demonstrate that the same Paso spec can be used to both
drive designs and infer transactions
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Goal: demonstrate that the same Paso spec can be used to both
drive designs and infer transactions

AXI-Stream

Ready-valid interface for
stream processing
(e.g. for packets)

arm
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Ongoing Evaluation

Goal: demonstrate that the same Paso spec can be used to both
drive designs and infer transactions

AXI-Stream Wishbone
Ready-valid interface for Open-source interconnect for
stream processing on-chip communication

(e.g. for packets)

arm

The
FOSSI
Foundation.

@
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Conclusion: Hardware communication protocols can be specified as programs!
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Conclusion: Hardware communication protocols can be specified as programs!
Using our DSL, the same protocol spec can be used to both run tests & infer transactions.
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Conclusion: Hardware communication protocols can be specified as programs!
Using our DSL, the same protocol spec can be used to both run tests & infer transactions.

cucapra/protocols

Frnest Nikil Francis Adrian Kevin
Ng Shyamsunder Pham Sampson Laeufer
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ernest cucapra/protocols

' @cs.cornell.edu
Thanks! % O

Conclusion: Hardware communication protocols can be specified as programs!
Using our DSL, the same protocol spec can be used to both run tests & infer transactions.

Frnest Nikil Francis Adrian Kevin
Ng Shyamsunder Pham Sampson Laeufer
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