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Overview

Delay insensitive circuits are understandable by:

(a) intuitive unconvincing hand-wavy descriptions
(b) formal theories checkable by programs or proofs

Let’s try to find a way from (a) to (b).



The intuitive approach



Executive summary

All you need to know about delay insensitive circuits:

• they have no clocks
• handshake signals and causal relationships make them go
• theory taught in school doesn’t work on them
• they are feared, reviled, ignored, and misunderstood

Let’s go to work !
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4Φ to 2Φ handshake converter
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passive side (right) performs a 2-phase handshake.
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joinmerge
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Blockoids

A blockoid over a set b is an algebraic structure pb, r, z, iq with

• i P b

• z : b Ñ b

• r : b ˆ b Ñ b

satisfying the blockoid axioms.
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Intuition

x ä

Ox
ä

I x

y ä

O y

ä

I y

z
ä

I z ´ 1

ä

O z ´ 1

zpzq rpx, yq

i
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Blockoid axioms

There exists a congruence on b such that

• @x P b. Di P N. t x ” pz ˝ tqi`1 t x

• @x P b. Do P N. v x ” pz ˝ vqo`1 v x

are true, where t and v are defined by

• t “ λx. rpi, xq

• v “ λx. rpx, iq

The minimum i, o P N satisfying these conditions for a block x
are called its input arity I x and its output arity Ox.



Blockoid axioms

idempotence zrpi, iq ” i

left identity rpz i, xq ” x

right identity rpx, z iq ” x

associativity rpx, rpy, zqq ” rprpx, yq, zq

input arity laws I z x “ I x ´ 1

I rpx, yq “ I x ` I y

output arity laws O z x “ O x ´ 1

O rpx, yq “ O y ` O y



Handshake converter blockoid

rpjoin, mergeq

rptoggle, forkq

zrptoggle, forkq

zrpjoin, mergeq

rpzrptoggle, forkq, zrpjoin, mergeqq

zrpzrptoggle, forkq, zrpjoin, mergeqq

z2rpzrptoggle, forkq, zrpjoin, mergeqq

z2rpzrptoggle, forkq, zrpjoin,mergeqq

R4

A2

A4

R2
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Universality of block combinators

b0

bn

...

p...

...

ä

ä

ä
O b0

ä
O bn

ä
I b0

ä
I bn



Universality of block combinators

Any network of blocks b “ xb0 . . . bny is expressible as

• bus from p to b

• exposed input bus

fold

concatenate

zwsvzu pz rq pb q xpyq

• bus from b to p

t “ λx. rpi, xq u “

n
ÿ

t“0

O bt

s “ z ˝ t v “ pI pq ´ u

w “

n
ÿ

t“0

I bt

for some permutation network p expressible by r, z and i.
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Permutation networks

roll left
drop

decrement

0 0

1 1

2 2

3 3

4 4

5 5

6 6

7 7

8 8

9 9
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3 3

4 4

5 5

6 6

7 7

8 8

x0, 5, 4, 1, 7, 3, 8, 9, 6, 2y

x2, 0, 5, 4, 1, 7, 3, 8, 9, 6y

x6, 2, 0, 5, 4, 1, 7, 3, 8, 9y

x9, 6, 2, 0, 5, 4, 1, 7, 3, 8y

x1 “ x4, 3, 0, 6, 2, 7, 8, 5, 1y

ä

ó ´1

“ px ö h « 1q ´ 1

x ppxq

ppxqppxqppxqppxq “ rpi,ppx1qqppxq “ tppx1qppxq “ stppx1qppxq “ s2tppx1q

where h “ px´1q0

ppxq “ shtppx1q

s “ z ˝ t

t “ λa. rpi, aq
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Permutation network combinator definition

The permutation obtained from x P N˚ rolled left by

h “ px´1q0

decapitated and pointwise decremented

x1 “ px ö h « 1q ´ 1

implies the recurrence

ppxq “

#

i if |x| “ 1

pλh. shtpppx ö h « 1q ´ 1qq px´1q0 if |x| ą 1

implying universality of r, z, and i for block diagrams !



Permutation network examples

x ppxq

x9, 6, 2, 0, 5, 4, 1, 7, 3, 8y s3ts2ts5ts3ts4ts4ts3t3i

x5, 0, 9, 3, 1, 8, 7, 2, 6, 4y sts2ts2ts4ts3t2s3ts2tsti

x4, 5, 1, 7, 3, 2, 8, 0, 9, 6y s7ts4ts2ts6ts3t2s3t3i

x1, 3, 2, 7, 8, 6, 9, 0, 4, 5y s7ts2tsts6ts4t2s2tst2i

x2, 9, 6, 0, 1, 5, 3, 7, 8, 4y s3t2s5ts3ts2ts2ts3t3i

x8, 3, 7, 6, 0, 1, 9, 5, 2, 4y s4t2s2ts2ts4ts4ts2ts2tsti

x8, 9, 7, 0, 5, 2, 4, 1, 6, 3y s3ts3ts6ts2ts4ts4t2s2t2i

x0, 9, 2, 7, 1, 4, 3, 8, 5, 6y ts3ts6ts2ts5tst2st2i

x5, 3, 4, 8, 1, 7, 0, 6, 2, 9y s6ts7ts2ts2t2s4ts2ts2tsti

x0, 6, 2, 4, 8, 5, 3, 7, 9, 1y ts8tsts3ts3tsts2tststi

x3, 0, 7, 9, 1, 8, 6, 2, 5, 4y sts2ts2ts2ts5ts4ts3t2sti



To-do list

Give a formal account of how components

get connected into a network
• behave individually
• behave collectively when connected into a network
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Component models – first attempt

Model the components as Petri nets.

T universe of observable transitions
V universe of places and unobservable transitions
P Petri nets pP, T,A,M,F q

• places P Ă V

• transitions T Ă T Y V

• arcs A Ď pP ˆ T q Y pT ˆ P q

• initial markingM Ď P

• final marking F Ď P

but then inputs and outputs are indistinguishable
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Component models – second attempt

Model the components as DI processes.

T universe of observable transitions
V universe of places and unobservable transitions
P Petri nets pP, T,A,M,F q

D delay insensitive processes p P PpTq ˆ PpTq ˆ P

For p “ pI,O,Nq P D

• Petri net N “ pP, T,A,M,F q P P

• input alphabet I Ě T X T

• output alphabet O Ě T X T



Refinement over processes

From a delay insensitive process X “ pI,O,Nq P D, infer

• a reachability graph RGpXq from the Petri net N .

From the reachability graph, infer

• a quiescent trace recognizing automaton QRpXq

• a divergent trace recognizing automaton DRpXq

From their languages LQRpXq,LDRpXq P pI Y Oq˚, infer

• a relational trace set JXK “ LQRpXq Y LDRpXq

such that the refinement relation X Ď Y coincides with

JXK Ě JY K.



Complete partial ordering by refinement

K “ chaos

...

compatibleincompatible



Complete partial ordering by refinement

K “ chaos

...

compatible

incompatible



Complete partial ordering by refinement

K “ chaos

...

compatible

incompatible



Component models – second attempt

Model the components as delay insensitive processes.

T universe of observable transitions
V universe of places and unobservable transitions
P Petri nets pP, T,A,M,F q

D delay insensitive processes p P PpTq ˆ PpTq ˆ P

For p “ pI,O,Nq P D

• Petri net N “ pP, T,A,M,F q P P

• input alphabet I Ě T X T

• output alphabet O Ě T X T

but then name clashes among transitions are inconvenient



Component models – second attempt

Model the components as delay insensitive processes.

T universe of observable transitions
V universe of places and unobservable transitions
P Petri nets pP, T,A,M,F q

D delay insensitive processes p P PpTq ˆ PpTq ˆ P

For p “ pI,O,Nq P D

• Petri net N “ pP, T,A,M,F q P P

• input alphabet I Ě T X T

• output alphabet O Ě T X T

but then name clashes among transitions are inconvenient



Component models – third attempt

Model the components as blocks with terminals.

T universe of observable transitions
V universe of places and unobservable transitions
P Petri nets pP, T,A,M,F q

D delay insensitive processes p P PpTq ˆ PpTq ˆ P

B primitive blocks b P N ˆ N ˆ pppT› ˆ T›q Ñ Dqq

for b “ pI,O,Bq P B

• input arity I P N

• output arity O P N

•

range of a list

process pI 1, O1, Nq “ Bpi, oq has I 1 “ Rpiq, O1 “ Rpoq
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Refinement over components

For a standardized infinite list G P T˚ of generic symbols, let

TBD : B Ñ D

map components to processes by

list truncation

TBDpI,O,Bq “ BpG ∣ I,G « I ∣Oq

and let refinement among components X,Y P B be defined by

X
ε
Ď Y ô TBDpXq Ď TBDpY q.
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A blockoid pB,RB,ZB, IBq over circuit components

For the universe of primitive blocks

B “ N ˆ N ˆ pppT› ˆ T
›q Ñ Dqq

let IB “ pI,O,BIq P B have I “ O “ 1 and

BIpxay, xbyq “ ptau, tbu, N )

, pP, T,A,M,F qq, ptpu, T, A,M,F qq, ptpu, ta, bu, A,M,F qq, ptpu, ta, bu, tpa, pq, pp, aqu,M, F qq, ptpu, ta, bu, tpa, pq, pp, aqu,H, F qq, ptpu, ta, bu, tpa, pq, pp, aqu,H,Hqq

for some arbitrary but fixed place p.

a b
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A blockoid pB,RB,ZB, IBq over circuit components

Let RBppI,O,Bq, pI 1, O1, B1qq “ pI ` I 1, O ` O1, BRq with

Parallel composition
of DI processes

BRpi, oq “ par pBpi ∣ I, o ∣Oq, B1pi « I, o « Oqq

Bpi ∣ I, o ∣ Iq

B1pi « I, o « Iq

i0

iI´1

o0

oO´1

...
...

iI

iI`I 1´1

oI

oI`I 1´1

...
...
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A blockoid pB,RB,ZB, IBq over circuit components

Let ZBpI,O,Bq “ pI ´ 1, O ´ 1, BZq P B with

BZpi, oq “ par pBpi q q, p q oq, BIpp, qqq

for arbitrary distinct p, q P T1 disjoint from i and o.

Bpi q q, p q oq BIpp, qq

i0

q0
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o0
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...
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q0
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To-do list

Give a formal account of how components

get connected into a network
behave individually
behave collectively when connected into a network

Now what ?

• A network needs to be physically implemented somehow.
• Technology mapping tools need it in netlist form.
• How to ensure the netlist matches the block expression ?
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An abstract representation

Idea !
Use an intermediate source with two possible targets.

• Let H denote a universe of hierarchical blocks.
• Let L denote a universe of netlists.
• Transform B

THB
ÐÝ H

THL
ÝÑ L in either direction.

• Make the transformations THB and THL simple and obvious.

Structure-preserving maps between blockoids over H, B, and L ?
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A blockoid pH,R,Z, Iq over hierarchical blocks

Define the universe of hierarchical blocks

H “ B Y H
˚

and let nested lists encode them by block combinators

I “ IB

Zpxq “ xxy

Rpxxy, xyyq “ xxxy, xyyy

Rpxxy, Y q “ xxxyy q Y
RpX, xyyq “ X q xxyyy

RpX,Y q “ X q Y

for all x, y P H and X,Y P H˚ with |X|, |Y | ą 1.



Transformation from hierarchical to primitive blocks

A transformation THB : H Ñ B satisfying

H ˆ H

B

H

B ˆ B

R

THB

RB

λpx, yq. pTHB x,THB yq

H

B

Z

ZB

THB THB

map over a list

THBphq “

$

’

&

’

%

h ifh P B

ZBTHB h0 ifh P H1

pzRBqT›
HB

h otherwise

determines a refinement relation

X
α
Ď Y ô THBX

ε
Ď THB Y

and hence an extensional semantics for all X,Y P H.
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Netlists from blockoid operators
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Netlists from blockoid operators

Netlists boil down to members of pN˚ ˆ N˚ ˆ Bq˚ such as

x

px0y, x3, 9y, toggleq,
px3y, x7, 5y, forkq,

px6, 7y, x10y, joinq,

px9, 10y, x11y, mergeqy



A blockoid pL,RL,ZL, ILq over netlists

Define the universe of netlists

L “ pN˚ ˆ N
˚ ˆ Bq˚

with
IL “

@

px0y, x1y, IBq
D

and ZL,RL satisfying

H ˆ H

L

H

L ˆ L

R

THL

RL

λpx, yq. pTHL x,THL yq

H

L

Z

ZL

THL THL

THLphq “

$

’

&

’

%

pλpI,O,Bq. xpιI , ι
I
O, hqyq h ifh P B

ZL THL h0 ifh P H1

pzRLqT›
HL

h otherwise

x0 . . . I ´ 1y
xI . . . I ` O ´ 1y
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A blockoid pL,RL,ZL, ILq over netlists

For input terminal numbers and output terminal numbers

ipxq “
ď

pI,O,Bq PRpxq

RpIq opxq “
ď

pI,O,Bq PRpxq

RpOq

associated with a netlist x P L, we have

all terminals ipxq Y opxq

all external inputs ipxq ´ opxq

all external outputs opxq ´ ipxq

first external output min
`

opxq ´ ipxq
˘

last external input max
`

ipxq ´ opxq
˘



A blockoid pL,RL,ZL, ILq over netlists

A rewrite rule for input terminal numbers

wzpxq “ λt.

#

minpopxq ´ ipxqq if t “ maxpipxq ´ opxqq

t otherwise

specifies the operator ZL : L Ñ L

ZLpxq “ pλpI,O,Bq. ppwz xq› I,O,Bqq› x



A blockoid pL,RL,ZL, ILq over netlists

A rewrite rule taking t P N to a number outside ipxq Y opxq

wrpxq “ λt. t ` 1 ` max
`

ipxq Y opxq
˘

specifies the operator RL : L ˆ L Ñ L

RLpx, yq “ x q pλpI,O,Bq. ppwr xq› I, pwr xq› O,Bqq› y



Taking it for a spin



Multiway merge

fpnq “

#

I if n “ 1

Z2R
`

R
`

f tn{2u, f rn{2s
˘

,merge
˘

otherwise

ä

Z

n

2

^

ä

R

n

2

V

ä
n

“

Too easy ?



Multiway merge

fpnq “

#

I if n “ 1

Z2R
`

R
`

f tn{2u, f rn{2s
˘

,merge
˘

otherwise

ä

Z

n

2

^

ä

R

n

2

V

ä
n

“

Too easy ?



Traffic control

streets

traffic light

pressure sensors

cars



Traffic control

streets

traffic light

pressure sensors

cars



Traffic control

streets

traffic light

pressure sensors

cars



Traffic control

streets

traffic light

pressure sensors

cars



Traffic control

streets

traffic light

pressure sensors

cars



Traffic control

streets

traffic light

pressure sensors

cars



Traffic control

streets

traffic light

pressure sensors

cars



Traffic control

streets

traffic light

pressure sensors

cars



Traffic control

streets

traffic light

pressure sensors

cars



Traffic control

streets

traffic light

pressure sensors

cars



Arbiter circuits



Arbiter circuits



Arbiter circuits



Arbiter circuits



Arbiter circuits



Arbiter circuits



Arbiter circuits



Arbiter circuits



Arbiter circuits



Arbiter circuits



Arbiter circuits



Arbiter circuits



Arbiter circuits



Arbiter circuits



Arbiter circuits



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



Arbiter circuits

R1

R0

G1

G0

R0

R1

G0

G1



A job for a 4-way arbiter

Each player’s button pre-empts the other players.
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Triangle mesh arbiter

fpnq P H expresses an n-way triangle mesh arbiter by

“

“

fp1q I

fpn ` 1q SZnR
`

f n, pzI λph, tq.ZRpZRparb,Sn´h tq, Iqq ι1n
˘

“S λx.ZRpI, xq

where S : H Ñ H rolls down the inputs

“g λph, tq.ZRpZRparb,S4´h tq, Iq

“fp5q

For example, letting n “ 4 and

we have
SZ4R

`

f 4, pzI λph, tq.ZRpZRparb,S4´h tq, Iqq ι14
˘

SZ4R
`

f 4, pzI gq ι14
˘

SZ4R
`

f 4, pzI gq x1, 2, 3, 4y
˘

SZ4R
`

f 4, gp1, gp2, gp3, gp4, Iqqqq
˘

SZZZZR
`

f 4, gp1, gp2, gp3, gp4, Iqqqq
˘



Triangle mesh arbiter

fpnq P H expresses an n-way triangle mesh arbiter by

“

“

fp1q I

fpn ` 1q SZnR
`

f n, pzI λph, tq.ZRpZRparb,Sn´h tq, Iqq ι1n
˘

“S λx.ZRpI, xq

where S : H Ñ H rolls down the inputs

“g λph, tq.ZRpZRparb,S4´h tq, Iq

“fp5q

For example, letting n “ 4 and

we have
SZ4R

`

f 4, pzI λph, tq.ZRpZRparb,S4´h tq, Iqq ι14
˘

SZ4R
`

f 4, pzI gq ι14
˘

SZ4R
`

f 4, pzI gq x1, 2, 3, 4y
˘

SZ4R
`

f 4, gp1, gp2, gp3, gp4, Iqqqq
˘

SZZZZR
`

f 4, gp1, gp2, gp3, gp4, Iqqqq
˘



Triangle mesh arbiter

fpnq P H expresses an n-way triangle mesh arbiter by

“

“

fp1q I

fpn ` 1q SZnR
`

f n, pzI λph, tq.ZRpZRparb,Sn´h tq, Iqq ι1n
˘

“S λx.ZRpI, xq

where S : H Ñ H rolls down the inputs

“g λph, tq.ZRpZRparb,S4´h tq, Iq

“fp5q

For example, letting n “ 4 and

we have

SZ4R
`

f 4, pzI λph, tq.ZRpZRparb,S4´h tq, Iqq ι14
˘

SZ4R
`

f 4, pzI gq ι14
˘

SZ4R
`

f 4, pzI gq x1, 2, 3, 4y
˘

SZ4R
`

f 4, gp1, gp2, gp3, gp4, Iqqqq
˘

SZZZZR
`

f 4, gp1, gp2, gp3, gp4, Iqqqq
˘



Triangle mesh arbiter

fpnq P H expresses an n-way triangle mesh arbiter by

“

“

fp1q I

fpn ` 1q SZnR
`

f n, pzI λph, tq.ZRpZRparb,Sn´h tq, Iqq ι1n
˘

“S λx.ZRpI, xq

where S : H Ñ H rolls down the inputs

“g λph, tq.ZRpZRparb,S4´h tq, Iq

“fp5q

For example, letting n “ 4 and

we have

SZ4R
`

f 4, pzI λph, tq.ZRpZRparb,S4´h tq, Iqq ι14
˘

SZ4R
`

f 4, pzI gq ι14
˘

SZ4R
`

f 4, pzI gq x1, 2, 3, 4y
˘

SZ4R
`

f 4, gp1, gp2, gp3, gp4, Iqqqq
˘

SZZZZR
`

f 4, gp1, gp2, gp3, gp4, Iqqqq
˘



Triangle mesh arbiter

fpnq P H expresses an n-way triangle mesh arbiter by

“

“

fp1q I

fpn ` 1q SZnR
`

f n, pzI λph, tq.ZRpZRparb,Sn´h tq, Iqq ι1n
˘

“S λx.ZRpI, xq

where S : H Ñ H rolls down the inputs

“g λph, tq.ZRpZRparb,S4´h tq, Iq

“fp5q

For example, letting n “ 4 and

we have

SZ4R
`

f 4, pzI λph, tq.ZRpZRparb,S4´h tq, Iqq ι14
˘

SZ4R
`

f 4, pzI gq ι14
˘

SZ4R
`

f 4, pzI gq x1, 2, 3, 4y
˘

SZ4R
`

f 4, gp1, gp2, gp3, gp4, Iqqqq
˘

SZZZZR
`

f 4, gp1, gp2, gp3, gp4, Iqqqq
˘



Triangle mesh arbiter

fpnq P H expresses an n-way triangle mesh arbiter by

“

“

fp1q I

fpn ` 1q SZnR
`

f n, pzI λph, tq.ZRpZRparb,Sn´h tq, Iqq ι1n
˘

“S λx.ZRpI, xq

where S : H Ñ H rolls down the inputs

“g λph, tq.ZRpZRparb,S4´h tq, Iq

“fp5q

For example, letting n “ 4 and

we have

SZ4R
`

f 4, pzI λph, tq.ZRpZRparb,S4´h tq, Iqq ι14
˘

SZ4R
`

f 4, pzI gq ι14
˘

SZ4R
`

f 4, pzI gq x1, 2, 3, 4y
˘

SZ4R
`

f 4, gp1, gp2, gp3, gp4, Iqqqq
˘

SZZZZR
`

f 4, gp1, gp2, gp3, gp4, Iqqqq
˘



Triangle mesh arbiter

evaluating fp5q from the inside out . . .

gp4, Iq “ pλph, tq.ZRpZRparb,S4´h tq, Iq p4, Iq

“ ZRpZRparb,S0 Iq, Iq

?
” arb

t “I “
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Triangle mesh arbiter

Rparb,S0 tq “

t “

S0 t “

ZRparb,S0 tq “RpZRparb,S0 tq, Iq “ZRpZRparb,S0 tq, Iq “
gp4, Iq “ t “S t “

Rparb,S tq “ZRparb,S tq “RpZRparb,S tq, Iq “ZRpZRparb,S tq, Iq “t “gp3, gp4, Iqq “S2 t “

Rparb,S2 tq “ZRparb,S2 tq “RpZRparb,S2 tq, Iq “ZRpZRparb,S2 tq, Iq “t “gp2, gp3, gp4, Iqqq “S3 t “

Rparb,S3 tq “ZRparb,S3 tq “RpZRparb,S3 tq, Iq “ZRpZRparb,S3 tq, Iq “gp1, gp2, gp3, gp4, Iqqqq “pzI gq ι14 “

Rpf 4, pzI gq ι14qZ4Rpf 4, pzI gq ι14qSZ4Rpf 4, pzI gq ι14q
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Summary

• express families of complicated circuits generally
• automatically generate checkable DI semantic models
• automatically generate corresponding netlists



Further reading

• https://www.delayinsensitive.com
– full details on everything in this presentation

• https://statebox.org
– overlapping ideas, more ambitious goals

• Oliver Heaviside : The Life, Work and Times of an Electrical Genius
of the Victorian Age, Paul J. Nahin

– historical perspective on formal methods
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