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Reversibility in CS What/Why

« Energy/Computation Relation
_andauer’s principle

« Fundamental computation paradigm
Reversible Turing Machine

« Reversible PL/Software Analysis
JANUS, R-FUN

« Reversibility in Communication and Concurrency
RCCS/CCSK, Hoey’'s Language, CRIL

« LOW-energy circuits

« Quantum computation/circuits
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Reversible Programming Language

« Languages for computation where the control flows both
forward and

e Janus [Lutz+, 80] is a reversible programming language.

procedure fib(int x1,int x2,int n)

if n=0 then x1 +=1 x]1 += x2 x]1 —-= x2
x2 += 1
elsen =1
call fib(x1,x2,n) x1 <=>x2 x1 <=>x2
xl += x2
x1l <=> x2
fi x1=x2 “Exchange

A Janus program [Yokoyama, 10]



Reversible Programming Language

« Languages for computation where the control flows both
forward and

e Janus [Lutz+, 80] is a reversible programming language.
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Reversible Programming Language

« Languages for computation where the control flows both
forward and

e Janus [Lutz+, 80] is a reversible programming language.

procedure fib(int x1,int x2,int n) l

if n=0 then x1 +=1 <1 += x2 x1 -= x2

x2 += 1 —
elsen -=1 : Reverse for

call fib(x1,x2,n) x1 <=>x2 undoing x1 <=>x2
x1 += x2 /
x1 <=> x2 Control flow l

fi x1=x2 o Exchange Forward flow

A Janus program [Yokoyama, 10] 2024-2-28 Urbino 4



Reversiblity in program executions

« Reversibility keeps all information of the execution at any
points.

« Reversibility enables behaviour analysis, such as debugging,
without replay by undoing execution.

« Reversibility is useful for the analysis of programs where
replay is difficult, such as concurrent programs.



Intermediate Language

* Intermediate languages, such as LLVM, are used to translate
high-level language programs into machine-oriented forms,
such as three-address codes.

* Intermediate languages are used for debugging and

optimization.

High-level Program 1

High-level program n

Programming Languages

\:
/

debug and optimize

£

Intermediate language
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/
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Object code m
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RIL : Reversible Intermediate Language [Mogensen 16]

begin main « RIL is a reversible intermediate language
x += () to implement a heap manager for garbage
— entry collection and analyse the memoy usage

for functional reversible language
[Mogensen 16].

entry; loop «— x ==
r +=1

x < 10 — loop; exit
exit «—

r +=3

end main

A RIL program[Mogensen 16]
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RIL : Reversible Intermediate Language [Mogensen 16

begin main Entry point
b1+ xr +=0 Instruction
- — entry Exit point
N entry; ZOOp «— x == Conditional entry point
h2- x +=1 Instruction
x < 10 — loop; exit  Conditonal exit point
" exit — Entry point
b3- x += 3 Instruction
~end main Exit point

A RIL program[Mogensen 16]
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RIL : Reversible Intermediate Language [Mogensen 16

begin main

x +=0

— entry

entry; loop «— x ==
r +=1

x < 10 — loop; exit
exit «—

xr +=3

end main

A RIL program[Mogensen 16]

begin main

}

X +=0

l

entry

X +=1

%\%
F
True

exit

!

X +=3

!

True
False
X —_— = <}

alse

eﬁ@]ZMaZiﬁUrbmo

Forward

end main

exit

X—=3

begin main

loop
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CRIL : Concurrent RIL

« We propose CRIL, a concurrent reversible intermediate
language by extending RIL.

« CRIL serves as a tool for undoing concurrent programs.
« CRIL enjoys the basic properties of reversibility.

RIL] + |Concurrency — CRIL

2024-2-28 Urbino



Syntax of CRIL

Pg

b
instb
entry
exit
inst

callb
€

left
right
D

O

b*

instb | callb
entry inst exit
[ <-1]1;l <-e|beginl
> |e->1;l|endl
left ®= e | left <=
|Vz |P x| assert e |
[ <= calll(, 1)* ->1

« CRIL allows multiple blocks to
run concurrently and
synchronization primitive.

right ® right | ! right

2’ | 34["3] « A program is well-defined if labels specify
. || _e]rtﬁ deterministic bi-directional control flow.

@ l==|"1=|<]|<=|>  Well-definedness is similar to RIL.

| >=| && | ||
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Operational Smantics -
Forward direction

RdW
(Pg,p,0,Pr) &=—= (Pg,p’,¢’,Pr')
prog

Backward direction ¢ —

2024-2-28 Urbino



Operational Smantics
p,Rd Wt

(Pg,

P

,

)

)

Pr

)

Forward direction

A\

> (Pg,p’,0',Pr')
prog

Backward direction ¢ —
 Pgis a program (never changed).
* p maps a variable to its value.

« O maps a heap memory address to its value.

« Pr maps a process id to a process configuration.

2024-2-28 Urbino



Operational Smantics

Forward direction

Rd W
(Pg/p|c,Pr) = g (Pg,p’,0',Pr’)
prog
¢ |

 Pgis a program (never changed).

* p maps a variable to its value.

* O maps a heap memory address to its value.

« Pr maps a process id to a process configuration.

T N

A sequence of numbers. (I,stage), where [ is the current

p-iis the i-th subprocess of p € N*. label of the basic block and stage
is either begin, run, or end.

2024-2-28 Urpino 14




Transition Label

Forward direction

[RA[W
(Pg,p,0,Pr) E== (Pg,p’, o, Pr)

prog
Backward direction ¢ —

« pis the process id.
* Rd is the set of variables read.
Wt is the set of variables updated.

2024-2-28 Urbino
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Operational Semantics for Processes

isleaf(Prq.t,p) b € Pg entry(b) - (p, 0,1, stage) inst(b) > (p,0) ~ (p',0") exit(b) - (p',0',l', stage’)

p,read(b),write(b) Inst
(Pg,p,0, Prlp — (I, stage)]) < > (Pg,p’,0’, Prlp — (U, stage’)])
prog
isleaf (Pracs, I <-,call ly,---,l,,>1")e P
= E(H t>D) ( ca 1 ) g CallFork
(Pg? P 0, PT[p = (F,I’UI.I.)D ‘i‘h (Pg:p? a, PT[p = (EH? run):p 1= (llvbegin)ﬂ L, prne (En:begln)])
prog
n subprocesses
isleaf ( Pr4ct, I' <=,call ly, - --,l,,>1")eP
isleaf (Pracs, p) ( call [y ) € Pg CallMerge

(PQ,P, J,P'T‘[p = ('!Hvrun):p' l— (ilﬂend)a PN (En:end}]) ‘ﬂ\ (Pg,p,a, P'T‘[p = (E”,run)])
prog

n subprocesses

2024-2-28 Urbino 16



Expressions:

Synchronization e

(plz = ma],o[m1 — ma)]) > M[z| ~ m2

(p,o) > right, ~ my (p, o) > right, ~ m» my = my @ my
(p, @) 1> right, © right, ~+ mg

Expl

(p,0) 1> right ~+ 0 (p,0) > right~m  m #0

] ] (p,o) > right~ 1 Exp2 (p,o) > right~ 0 Exp3
V x waits until x = 0 and sets x = 1. Instructions:
(p,0) B> e~ mg my = mi O ms AssVar
_ zE=er (plr = mi],0) = (plz — ma), o)
I Symmetric (0.0) b e~ my  my = my ®mg
’ 2 — —— AssArr

Mlz] &= e > (plz — my],o[my — my]) — (plz — my], o(my — ma))

P X WaitS until X = 1 and SetS X = O SwapVarVar

T <=>y > (plr,y — my,myl, a) « (plz,y = ma,mq),0)

SwapVarArr
z <=> Myl &> (pz, y = my, ms), o[mg — ma]) — (p[z,y — ma, ms], o[ms — my)) P

SwapArrVar
> 1, mal, o[ma — mal]) — (plz, y — ma, ma], e[msz — mi]) P

V-op

Vb (p[w = 0]3 O-) ~ (p[l' = 1], 0) 4, 0[ma, my — mq,ma) = (p[z,y = ma, my), o[ms, ma = ma,my)) SwapArrArr

V-o P-o
W P Pz (plx— 1],0) — (p[z — 0],0) P

P-o ; (po)be~m — m#FO
Pxr> (plx—1],0) « (plx — 0],0) P Ga™e  mrer e o A

2024-2-28 Urbino 17



Uncontrolled CRIL Behavior

p,RdAWt . : :
. \ is reversible in one-step.

" prog

« However, the operational semantics does not make a well-
defined CRIL program reversible.

« We shall see what happens if undo is performed without
controling backward exeution.



P

O

vy,

N N N TN TN TN N

@

begin main Process &€

skip - : processe 3

-> 11 begin main processe 2

11 <- l

call subl, sub?2, sub3 ) .

_> 19 skip begin subl

12 <- l processe 1 l A

skip _q begin sub?2 begin sub3

end main |1 X += l l

begin subl l l B C
+= 1 = et

% 13 call subl, sub?, sub3 I3 y+=x ZT=X

ay | 1 | |

E =1 X +=1 ’

end subl 12 - end sub3 end sub3

begin sub? l l

'y' +=i .

end sub? Sklp end subl

begin sub3 l _

z += x end main

end sub3

2024-2-28 Urbino 19



All the variables are initially 0.
x=0 y=0 z=0

begin main

|

skip

l

11

l

call subl, sub2, sub3

l

12

l

skip

l

end main

x=2 y=1 z=1

Process €

A — B — C — Dinthe forward direction.

begin subl x=0

end subl x=2

process 1

2024-2-28 Urbino

begin sub?2 y=0

|

end sub?2 y=1

process 2

begin sub3 z=0

e

Z+=X | (3

|

end sub3 z=1

process 3

20



end main

skip
No control for
1 subl, sub?, and

sub3

call subl, sub?, sub3

skip

begin main

x=2 y=1 z=1

If the blocks are executed in the order

in the

end subl

A
Xx—=1

begin subl

(nhotD > C—>B — A)

direction.
end sub? end sub3
B C
y —= X | Z —= X
begin sub? begin sub3



fC — B — D — Ainthe backward direction.

end main
skip end subl
|T1 « =1 A end sub? end sub3
T | T B T C
call subl, sub?2, sub3 | process ¢ |3 y —= X 7 —= X
T L, I T
2 x—=1 begin sub2y=1  begin sub3 z=1
T process 1 I
sKi
Tp begin subl x=2
begin main process 2
process 3
x=2 y=1 z=1

2024-2-28 Urbino 22



end main

T

skip

|

11

T

call subl, sub2, sub3

|

12

T

skip

T

begin main

x=2 y=1 z=1

Process €

fC — B — D — Ainthe backward direction.

end subl

I process 2 process 3
x—=1 i end sub2 y=-1 endsub3 z=-1

T [ & |

3 y—=x | @ z—=x | ®

TD/I *T

/ begin sub2y=1 ///begin sub3 z=1

II //
’ e

/ ’//

/ -

begin subl x=2 -----"""
process 1

2024-2-28 Urbino 23



—
- -

§~ ——’
e - —-—

end main

skip

call subl, sub?, sub3

skip

begin main

x=2 y=1 z=1

Not a initial state

(x=y=2=0). =» Undoing is failed
end subl x=0
Xx—=1 A@ end sub2 y=-1 endsub3 z=-1
B C
3 x=1 y—=x Q@ z—=X | @
D
X —= 1

3) begin sub2y=1  begin sub3 z=1

begin subl X=2

We need to control the backward order.
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Controled semantics with Annotation DAG

« We require the information about the causal relationship
among basic blocks (= the order of reading and updating for

each variable).

« We introduce a data structure called annotation DAG

(Directed Acyclic Graph).

Program configuration Transition

p,Rd,Wt\

N\

prog

C/

Annotation DAG Transition

p,Rd,Wt

/
S = A

ann

(C,A) 5

C = (Pg,p,G,Pl")

p,Rd,Wt\
(

C/,A/)

C' = (Pg,p',c,Pr) Whole Transition

2024-2-28 Urbino

A denotes an annotation DAG.

ProgAnn
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Forward accumulation of causality

In forward direction, the annotation DAG
| memorizes the causality among the basic blocks.

x=0 y=0 z=0

processe 1
begin subl
| A processe 2 processe 3
« 4= 1 begin sub?2 begin sub3
| & | .
13 y +=X 7 += X
- l l
X +=1 end sub? end sub3
end subl

2024-2-28 Urbino 21



Forward accumulation of causality

0

x=0 y=0 z

begin subl

-
x+=1‘

l

|3 processe 1

|

X +=1

|

end subl

2024-2-28 Urbino

=

1,{x}t,{x
% x=1 y=0 z=0

prog
processe 2 processe 3
begin sub? begin sub3
L L ¢
Y += X Z +=X
end sub? end sub3

28



Forward accumulation of causality

1 =)
2.1x X
‘ le y:O Z:O : 7{ 7Y}7{ }\ le y:1 Z:O
X 2,{x,y},{y}\ prog
A ) ann
begin subl
l A processe 3
« 4= 1 begin sub?2 begin sub3
l l B l C
|3 processe 1 | y +=x ‘ S 41— x
- l l
X +=1 end sub? end sub3
l processe 2
end subl

2024-2-28 Urbino 29



Forward accumulation of causality

—
34x,z}t.{z
= x=1 y=1 z=0 - AINGIN x=1 y=1 z=1
X 3,{X,Z},{Z}\y prog
) ann
g < X begin subl

— begin sub? begin sub3

C o1 egin su egin su
l l B l C
|3 processe 1 y += X 7 4= ¥ ‘
— l l

x+=1 end sub? end sub3
l processe 2 processe 3

end subl

2024-2-28 Urbino



Forward accumulation of causality

—
1,{x}t,{x
= y x=1 y=1 z=1 é& x=2 y=1 z=1
prog
1{x}{x}
: begin subl
L,
o C o1 begin sub? begin sub3
| |
........... l B C
13 y += X Z += X
5 l |
x+=1 ‘ end sub? end sub3
l processe 2 processe 3
end subl
processe 1

2024-2-28 Urbino



Forward accumulation of causality

Note: an annotation DAG does not remember
the values of variables.

x=2 y=1 z=1
_ begin subl
X " ¢~ History of l
History of X Updates to z A . .
Updates to y C o1 begin sub? begin sub3
D History of Updates to x l l B l C
13 y += X 7 +=X
— l l
x+=1 end sub?2 end sub3
l processe 2 processe 3
end subl
processe 1

2024-2-28 Urbino 32



In direction, the Annotation DAG
controls the execution by matching the causality.

x=2 y=1 z=1
end subl
A
end sub? end sub3
x—=1
B C
13 y —= X |z—=x
D
x—=1 begin sub? begin sub3

begin subl



Backward rollback of causality
B and C receive the value of x from

x=2 y=1 z=1
end subl
A end sub?
| Xx—=1
e
| |
|3 [ y—==X I
. D". '____I____'
| |
E, CL; or [()]| may be executed Dl ox—=1 begin sub?
aCKkward. !____I____' processe 2
begin subl
processe 1

2024-2-28 Urbino

end sub3
--1--z
7 —= X

S

begin sub3
processe 3

34



Backward rollback of causality

x=2 y=1 z=1
end subl
I
w =1 A end sub?
. I I B
The current value of x is defined by D. 13 y == X
However, B and C do not receive D X
the current value of x . x—=1 begin sub?
I processe 7
4
begin subl
B and C cannot be reversed. processe 1

2024-2-28 Urbino

end sub3

begin sub3
processe 3
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Backward rollback of causality

x=1 y=1 z=1

|3 processe 1

Only D can be reversed. !
D
=1
D is removed from the ’
annotation DAG T
begin subl

2024-2-28 Urbino

=
1,{x},{x}

- ~ N\
s

prog

end sub?

begin sub?
processe 7

x=2 y=1 z=1

end sub3

begin sub3
processe 3

36



Backward rollback of causality

end subl
."""f";“.
I _q I end sub? end sub3
I I
B, C, or D may be executed '___ o { B | T"+__5
backward. 3 processef y-=x | | 1| z-=x
I S S =
5 R A
x-—=1 begin sub? begin sub3
I processe 2 processe 3
begin subl

2024-2-28 Urbino



Backward rollback of causality

X X ‘IC
N P

N\
~ s S - -

= e

There is still causality from A to
B and C. 3

A cannot be reversed

end subl

T

X —=1

|

|3 processe 1 y —= X

T

X —=1

|

end sub?

: |

begin sub?
processe 7

begin subl

2024-2-28 Urbino

end sub3

begin sub3
processe 3
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Backward rollback of causality

e end subl
R AN i
C 1 A end sub?
The current value of x is defined by D. I -
B and C receive the current value of x 13 processe 1 | y_—=x
[ i
¥ x—=1 begin sub?
processe 7
B and C can be reversed I

begin subl

2024-2-28 Urbino

end sub3

begin sub3
processe 3
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Backward rollback of causality

We can reverse either B or C first.

B is reversed first.

x=1 y=0 z=1

end subl

LA
X —=1

|3 processe 1

T

X —=1

|

begin subl

D

2024-2-28 Urbino

=

2 (xyh s},
) prog

processe 7
end sub?

begin sub?

)(:1 y:]_ Z:]_

end sub3

begin sub3
processe 3

40



Backward rollback of causality

-
x=1 y=0 z=0 \3’{X’Z}’{Z}\ x=1 y=0 z=1
1 = prog
3,{x,z},{z}\
X 3
ann end subl
A T processe 7 processe 3
w =1 A end sub? end sub3
| I B I C
Next, C is reversed. '; processe 1| y —=x 7= X
, I I
x—=1 begin sub? begin sub3
begin subl

2024-2-28 Urbino A1



Backward rollback of causality

=)
3{x,z},{z
x=1 y=1 z=0 : Axzhiz), x=1 y=1 z=1
prog
end subl
T processe 3
1 A end sub? end sub3
| I B I C
|3 processe 1 | y_=x Z—= X
Ci d first o | |
IS reversea Tirst. x—=1 begin sub? begin sub3
I processe 7
begin subl

2024-2-28 Urbino 42



Backward rollback of causality

=
x=1 y=0 z=0 \2,{X’y}’{X}\ x=1 y=1 z=0
1 prog
lx end subl
A T processe 2 processe 3
w1 A end sub? end sub3
T I B I C
Next, B is reversed. ng processe 1 |y —= x 7 =X
5 I T
x—=1 begin sub? begin sub3
Whether B or C is executed first, I
we get the same annotation DAG. |
begin subl

2024-2-28 Urbino 43



Backward rollback of causality

No one receives a value from A.

\ 4

A can be reversed.

x=0 y=0 z=

processe 1

end subl

begin subl

2024-2-28 Urbino

processe 7
end sub?

begin sub?

processe 3
end sub3

begin sub3
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Causal Satety and Causal Liveness
We show CRIL has the Causal Safety and the Causal Liveness|Lanese + 2020].

Causal Safety (CS) : An action can not be reversed until any actions caused
by it have been reversed

Causal Liveness (CL) : We should allow actions to reverse in any order
compatible with Causal Safety, not nessearily the exact inverse of the

forward order.

In CRIL,
« CS ensures that the same value is used in both

forward and backward direction.
« CL ensures that a program does not deadlock without

returning to its initial state in backward direction.




Independence Relation

CS and CL hold in an LTS with independence if some axioms are
valid in it [Lanese + 20].

Two transitions are independent if
1. two processes are not in a parent-child relationship; and
2. one of them does not read a variable written by the other.

1. 2.
P1 ﬁp2 N\ P2 fpl RdiNWty = ANRd,NWt; = O

p, is not the subprocess of p;



Axiomatic Ap
SP, BTI, WF, CPI, anc

CS & CL

hroach [Lanese+ 20|
'RE hold for LTSI of CRIL

Acronym Name Defined in|Proved in using
Square Property Def. 3.1 Axiom -
Backward Transitions are Independent | Def. 3.1 Axiom -
Well-Founded Def. 3.1 Axiom -
Coinitial Propagation of Independence | Def. 4.2

Independence Respects Events Def. 4.12

Coinitial Independence Respects Events| Def. 4.29

IEC Independence of Events is Coinitial Def. 4.16
Parabolic Lemma Def. 3.3

Causal Consistency Def. 3.5

Unique Transition Def. 3.7

Independence of Diamonds Def. 4.6

RPI Reversing Preserves Independence Def. 4.17
CS Causal Safety Def. 4.11
CL Causal Liveness Def. 4.11
ordered Causal Safety Def. 4.24

ordered Causal Liveness Def. 4.24

coinitial Causal Safety Def. 4.27

coinitial Causal Liveness Def. 4.27

No Repeated Events Def. 4.35

Reverse Event Determinism Def. 4.40

2024-2-28 Urbino




CRIL also has PL, CC, UT, ID, and/RPI.

CRIL is Label-Generated

N
N

[Lanese + 23].

N
\
N
\

RPI is derived from \LG
(not from IEC.)

Acronym Wame Defined in|Proved in using
Squgdre Property Def. 3.1 Axiom -
Backward Transitions are Independent | Def. 3.1 Axiom -
ell-Founded Def. 3.1 Axiom -
Coinitial Propagation of Independence | Def. 4.2
- - | Inde¢Ppendence Respects Events | Def. 4.12
Coinitidl Independence Respects Events| Def. 4.29
IEC Independence of Events is Coinitial Def. 4.16
Parabolic Lemma Def. 3.3
/ Causal Consistency Def. 3.5
Unique Transition Def. 3.7
/ Independence of Diamonds Def. 4.6
Reversing Preserves Independence Def. 4.17
CS Causal Safety Def. 4.11
CL Causal Liveness Def. 4.11
ordered Causal Safety Def. 4.24
ordered Causal Liveness Def. 4.24
coinitial Causal Safety Def. 4.27
coinitial Causal Liveness Def. 4.27
No Repeated Events Def. 4.35
Reverse Event Determinism Def. 4.40
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Sidirectional Data Flow Analysis
* Calculate backward data flow using the forward data flow.

Bidrectinal Data Flow Analysis

CRIL Program ) Eor ot a el Forward Data Iilow Edge
. Analysis g

Backward Data Flow Edge

Backward Data Flow

»
»

Analysis

2024-2-28 Urbino 56



-xample for Data Flow Analysis a+=1

* subl and sub?2 manipulate a and b.

begin main
a+=1

b+=1

call subl, sub?
b-=3

a-=4

end main

begin subl

b +=2
end subl

2024-2-28 Urbino
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Abbreviate

begin sub?
Vy
a+=72
a-=>2

Py

P x
a+=3
end sub?

57




Control by P-\/ Operations Note that x and y start

from and end to 0
« \VVyand Py makes two critical regions.

- The ordering relationship occurs since

P x waits for the executio?»&fv X. Forward
| begin main [ begi sublV begin sub?
la+=1 | V'y Vy
1 b+=1 b —I—\
| call subl, sub?2 Py
|b-=3 |V x N
la-=4 b +=2

end main end subl

end sub?
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P-\/ operations in Backward Direction

« \VVyand Py makes two critical regions.

- The ordering relationship occurs since

P x waits for the executioﬁ&fv X, Backward
~ | end main |[end subl I/ end sub?
|la-=1 | Py Py
|b-=1 |Ib-=a
| call subl, sub? |V y
| b+=3 ]| P x
= S N
|| begin main | begin subl

begin sub?
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e \

Control Flow Grapnh

begin main
a+=1

b+=1

call subl, sub?
b-=4

a-=14

end main

l

T

l

LAY

l

begin subl
Vy
b+=a+1
Py

V x
b+=72
end subl
begin sub?
Vy

a+=72
a-=2

Py

P x

a+=3
end sub?
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a -—
begin main

begin main
a+=1lv
!
b+=1
!
fork call subl, sub? fork
begin subl begin sub?2
Vy Vy
¥
b +'= a a+=2
v
\ a-=>2
Py v
—> : it
V x v
P x
v v
b+=2 a+=3
end subl end subl
» call subl, sub?2
merge T merge
b-=3
v
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Forward Data Flow Analysis

« We represents data flow by

edges labeled variables
among basic blocks.

« We apply use-def analysis
like forward-only sequential
program.

alt
/
/

begin main

v
b+=1

7/ v

begin subll

\ 4 ‘

b +=a

Py

\ 4

|
|
|
Vx;
|
v

y

b +=2

y:
4

’éall sub1l, sub?

Generated by concurrency.

2024-2-28 Urbino

end subl /
AR call subl, sub?

a+=3
end subl

7

v

b-=3
v
a-=4 Pe
begin main
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-dge

- limination

Critical reagion analysis|—— |

The definition of'a-=2"is
killed by 'a-=2".

|Synchronization analysis]
'‘a+=3"'is executed after 'b+=a".

begin main

v a
a// b += 1 \\
/ / y A
¢ / 'éall subl, sub2 [§ .
begin subll begin sub?2
Vv 4 Vy
¥
\ 4 ‘ . 2
b +=a 4+
I v
: a-=2
Py | !
v EL) \* ' P y
V x a I -
I \\ aj P x
v Mo I
b+=2 SoW o a+=3
N
end/s/cr{ 5 N end subl
> ~— call subl, sub?2 |« 7
7 A
b-=3 s 2
7 P
2024-2-28 Urbino a-= 4_ r'g 62
begin main




-low Analysis

Result of Forward Data

begin main
. v a
/ b += 1 \
/ / ! A
/ ’éall subl, sub2 [§
begin subll b/' \ | begin sub?
Vy / / Vy
y ! .
) a+=2
+ =
b a : t_ -—_ @ al !
~~~~~ ‘_ﬂ a-=2
|
Py | | !
Ly I Py
V X | | ¢
, ay P x
v Y ‘ ¢
b +=2 W a+=3
end subl end subl
< D 7
~— call subl, sub?2 |«
T 7/
7/
b-=3 a
7 P
2024-2-28 Urbino a-=% 63
begin main




Backward Data Flow Analysis

 Calculate data flow by transforming the result of
forward data flow analysis.

« Simply reversing edges does not yield backward data flow.



begin main end main
Forward g1 Qo1
Data Flow ] // T '\\a P : AP
y b+=1 | a b-=1 |\
po T3 \ /! g% \
+—| éall subl, sub2 [ £ pall subl, sub2 M
begin subl’ b/' \ | begin sub? end subl 7| \ ' end sub?
vy \ py 7| 7 \ P
Y ¢ // V+y Y 1 ¢ Incorrect edges  \ +y
A 4 ‘ -~ / J—
b +— 5 r al’ a+¢=2 b-—a |} a, a—f—Z
Qo o, - d y Y ~ — a
v : --‘~-_ﬂ a-=2 t ~“~—__:7 a+=72
Py I / v Vy 1 | )
Lo4b I Py L , Vy
Vx v Px | | t
| ay\ P x | a V x
Y \ ! l ]
b+=72 W a+=3 b -= \\ a-=3
end subl o end subl begin subl X begin subl
>l call subl, sub2 |- 7 ® | call sub1, sub2 | i~
7 A S 1 ’
b -=3 a b +=3 L7 a
/’
! . f ’
a-=4 |y | a+=4 |7
begin main 2uzd-z-28 Urbino begin main 65




Read Only

-dge

~begin sub
e A read only edge refers to an
edge where the destination = —

does not write to variables
labeled.

Do not write a

« We replace the source of
read only edges.

begin main
.y v a
/ b += 1 \
/ / ! A
7 ’éall subl, sub2 [§
1 b/’ \ | begin sub2
Vy 4 / \ Vy
gy ! .
_ 3 ” a—+=2
\bﬂ‘\lt\ a al
I I — _ﬂ a-—= 2
Py | | !
Lob I Py
: Vx | y
I a P x
\ 4 \ 4 ‘ ¢
b +=2 W a+=3
end subl end subl
< D 7
~— call subl, sub?2 |«
T 7/
/7
b-=3 a
7 P
2024-2-28 Urbino a-= 4_ r'g 66
begin main




begin main

Replace the source
of the read only edge.

2

y

A

b -= 2

begin subl

end main Backward
a ': 1 Data Flow
b -=
?
call subl, sub?2 |
end sub?
Py
3
a-=2
?
a+=2
T
Vy
?
V x
?
a-=3
begin subl
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Forward _ 1
Data Flow y/S— +¢_ \
alt
/ b += 1 \
/ / v .
+—| tall subl, sub2 [
begin subl,’ by \ | begin sub2
Vy / \ Vy
I . 5
” a+=
b+=a | t~ ——_ a Al -
v i o . — _ﬂ a = 2
Py | / !
v b I Py
VX I | ¢
: ay P x
v \ v
b+=2 W a+=3
end subl end subl
< b 7
~—| call subl, sub?2 |
7 7
b-=3 p a
v
a-=14 ‘(/
begin main

call subl, sub?

f
b +=3

?
a+=4

begin main

A
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Forward begin main Replace the source end main Backward
Data Flow of the read only edge. a ‘: 1 Data Flow
2\ b -=
?
I 1 » call subl, sub{Z
begin SUbl,' begin sub? end subl -7 end sub?
- a
Vy 4 Vy Py e Py
v ¥ ¥ 1 Vg )
b+=a at+=2 b-= g a-=2
I ¢ 7y ?
< i a-=2 a+=72
Py : ! V'y 1
i b I Py ‘ Vy
Vx ' ' P x i
d | P X y'y V X
[

v \ v 1
b+=2 W a+=3 h-=2 a-=3
end subl | end subl begin subl begin subl

S 7 7y
~— call subl, sub2 | call subl, sub2

! 7 f
— a _

b -=3 p b +=3
v 7 1

a-=4 2024-2-28 Urbino a+=4 67

begin main begin main




Forward begin main Replace the source end main Backward
Data Flow of the read only edge. a ‘: 1 Data Flow
2\ b -=
?
I 1 » call subl, sub{Z
begin SUbl,' begin sub? end subl -7 end sub?
- a
Vy 4 Vy Py e Py
v ¥ ¥ 1 V o a L)
b+=a at+=2 bo—g |lq=m===—=—=—=—=" a-=2
I ¢ 7y ?
< i a-=2 a+=72
Py : ! V'y 1
i b I Py ‘ Vy
Vx ' ' P x i
d | P X y'y V X
[

v \ v 1
b+=2 W a+=3 h-=2 a-=3
end subl | end subl begin subl begin subl

S 7 7y
~— call subl, sub2 | call subl, sub2

! 7 f
— a _

b -=3 p b +=3
v 7 1

a-=4 2024-2-28 Urbino a+=4 67

begin main begin main




begin main

Replace the source
of the read only edge.

2

y

A

b -= 2

begin subl

end main Backward
a ': 1 Data Flow
b -=
?
call subl, sub?2 |
end sub?
Py
3
a-=2
?
a+=2
T
Vy
?
V x
t
a-=3
begin subl
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Forward g1
Data Flow / f \
alt
/ b += 1 \
/ / v A
7 dall subl, sub? v
begin subl,’ by \ | begin sub2
Vy / / Vy
v 8 ! - >
— a+=
b+_a|r<—____a Al -
r TT =% g-=2
Py | | !
v b I Py
VX I I ¢
: ay P x
v \ v
b +=2 a+=3
end subl end subl
< D 7
~—| call subl, sub?2 |
7 7
b-=3 s 2
I L7
a-=14 Pe
begin main

call subl, sub?

f
b +=3

?
a+=4

begin main

A
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begin main

Forward _q Replace the source
Data Flow /- +¢_ \ of the read only edge.
alt
b+=1 ?2;1
/
n—7L v \i
7 'éall subl, sub2 g
begin subll' b/' \ | begin sub? end subl
VY 4 | 7 vy Py
v ! . 5 ‘
_ a+=
b+—a|t____-a al - b_‘_za
v i 'S -~ - - » ad = 2
i I S S / . Vy
v l b a ~ ~ , P y 1
V X I I ¢ P X
: a P x -
v \ +
b +=2 a+=3 b -= 2
end subl end subl begin subl
N b 7 yy
~—| call subl, sub? |
7 Ve
7’
b-=3 p a
v
a-=14 ‘(/
begin main 2024-2-28 Urbino

end main Backward
a ': 1 Data Flow
b -=
?
» call subl, sub?2 |
end sub?
Py
3
a-=2
Y~ < f
=~ ~ o a—+=2
a S« 4
Vy
?
V x
t
a-=3
begin subl

call subl, sub?

f
b+=3

?
a+=4

begin main

A

68




begin main

Forward _q Replace the source
Data Flow /- +¢_ \ of the read only edge.
alt
b+=1 ?2;1
/
n—7L v \i
7 'éall subl, sub2 g
begin subll' b/' \ | begin sub? end subl
VY 4 | 7 vy Py
v ! . 5 ‘
_ a+=
b+—a|t____-a al - b_‘_za
v i 'S -~ - - » ad = 2
i I S S / . Vy
v l b a ~ ~ , P y 1
V X I I ¢ P X
: a P x -
v \ +
b +=2 a+=3 b -= 2
end subl end subl begin subl
N b 7 yy
~—| call subl, sub? |
7 Ve
7’
b-=3 p a
v
a-=14 ‘(/
begin main 2024-2-28 Urbino

end main Backward
a ': 1 Data Flow
b -=
?
» call subl, sub?2 |
end sub?
Py
+
a-=2
'\ ~ ?
NS =~ ~ a-+=72
\\ 5 N 2
\\ 5 Vy
S i
N
\\ V x
T
S a-=23
begin subl

call subl, sub?

f
b+=3

?
a+=4

begin main

A

68




Forward beag|Jrr1_rnla|n Reverse everything except end main Backward
Data Flow // f \ , the read only edges. a ': 1 \ Data Flow
a
b +=1 5221 b -= \
/
" Y y —; \
#— (Call subl, sub2 | #all subl, sub2
begin subl,’| by \ | begin sub2 endsubl | b,’ v [ end sub2
Vy , | ¢ V+y Py / \ Py
v 1 ‘ / a : t
b+=a r at+=2 b-—g lqmm=m=—=——-———— A a-=2
e e e N
A 4 i - »I a-= 2 ~ # a += 2
VX ' ! Px N ' )
ay P x - l N al \/ X
I N
v \ v I ~ | 1
b +=2 a+=3 b -= 2 M 3 -=
end subl end subl begin subl N begin sub1
S b 7 7'y b P4
~—| call subl, sub?2 |« ~- call subl, sub2 |
* // = N f //
4 /’
v 7 3
= ’
R 2024-2-28 Urbino a+=4 b 69
begin main begin main




-low Analysis

Result of Backward Data

b-=2
begin subl
A \

end main
a-=1
t X a
b-=1 \
. t \
» gall subl, sub? |\\
b// \| endsub?
/ \ Py
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_____ a— — — —A d -= 2
ay
Mo 7| a+=2
\\ | T
S , Vy
S t
a > !
N a V x
N \ F
S —
N a-=3
begin subl
call subl, sub? | ,/
4‘ f /
b +=3 //a
7 7/
a+=4 |7 .
begin main




Constant Propagation in CRIL

Forward Data Flow Edge

Bidrectinal Constant Propagation

Forward Constant

Backward Data Flow Edge

»
»

Constant
Infomation

Propagation

Backward Constant

»
>

Constant
Infomation

Propagation

Constant
Infomation
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-Xam

begin main

a += 0
b += 1
c += 2
d +=

O
|

Q0

)

|

|_l

o O~ a(:)

p o
| |
| | R | I |

end main

b2

ba3
bayg
bas
bas
ba7
bag
bag

b30

e

non e
Q-
n
+ + N
Do

N/\N‘<§-III-N++OQ
w

[
%
o

2

b
b
C
V'
d
P
v
a
P
C
end s2

nle for Constant Propagation

bis

b16
b17
b1g
b1g
b2o

b21

begin s1

a +=d

-> 11

11;12 <- a<=3
a += 1

a>=7 -> 13;12
13 <-

P x

c -= 4

a>=b -> 14,15
-> 14

b += 1

16 <-

-> 15

b += 2

17 <-

16;17 <- a>=c
a —=b - 4

= 4

y

+

Z
<->D
+= 1
z

d

o YT O

n si

« We assume all the values of variables

starts from and ends to 0 (common in

reversible programming).
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-Xam

nle for Constant Propagation

begin main

T

d +

cal

@

| | Y | I TR el N

P T 0O QA
| | [
o O N

)
(=]
o,
=]
)
(]
(]

b2

ba3
bayg
bas
bas
ba7
bag
bag

b30

(0]

IN/\N‘<§-III-N++OQ

non e
s
w (OT
n
+ + N
Do

[
%
o

N

O 0O Yy o< o oo

nd s2

bis

b16
b17
b1g
b1g
b2o

b21

begin s1

a +=d

-> 11

11;12 <- a<=3
a += 1

>=7 -> 13;12
13
P x

c -= 4

a>=b -> 14,15
-> 14

b += 1

16 <-

-> 15

b += 2

17 <-

16;17 <- a>=c
= b - 4

4

b
1

(ORI RN R I e B SR )

B

y
+
z
<->
+
z
d

1

0

« We assume all the values of variables
starts from and ends to 0 (common in
reversible programming).

e |n forward direction, the variables are
set to a=0, b=1, c=2, d=3 at first.
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-Xam

begin

main

a += 0
b += 1
c += 2
d += 3

T

b2

ba3
boy4
bas
bas
ba7
bog
bag

b30

call (SD, @
d -= 6

c -= 7

b -=6

a —-= 6

end main
begin s2

b += 1 + ¢
c += d + 4
V x

d += 3

Py

V z

a <->d

P z

c -= 2

end s2

bis

b16
b17
b1g
b1g
b2o

b21

begin s1

a +=d

-> 11

11;12 <- a<=3
a += 1

>=7 -> 13;12
13
P x

c -= 4

a>=b -> 14,15
-> 14

b += 1

16 <<

-> 15

b += 2

17 <-

16;17 <- a>=c
a -= b - 4

V'

4

> Db
1

o Y <O
QAN + AN +<
[ .

si

nle for Constant Propagation

« We assume all the values of variables
starts from and ends to 0 (common in
reversible programming).

e |n forward direction, the variables are

set to a=0, b=1, c=2, d=3 at first.

variables are
at first.

e In direction, the v
set to a=6, b=6, c=7, d=6

2024-2-28 Urbino 12



Calculating Data Flow

bo bo
, bO bo bo /l
’ i, ,
’ /
a ! J‘l bl Zl lg a, 4
/7 , fk
i flc N b b3 - / b4
! b4 N RN s N "
4 A N ~
b»/ \ 3\ b 21 N d//bfk\\ . b < AN
9~ bfk \3, bﬂ( \\C \ ’ 4 '\ d \ a it a boo
a 2t @ b2z by & T2y T e Ty N " bio
' bo ¢ b~ L2 <N 9 wbao o v
AR //, b.- K bo bzz; . v d \ 7 by
’ /’ / i
/ b11 K’] a , 3'/, K l3 L] bio bos | / b;
| / 7 B | | <«
'a b1z ,’b12 ,’b - b1 N bas b l I ‘\a Ly 6
VT oy 6 WV v 7, ey o ~o ¢ l 11 b / \ biabig ;a
‘b1z b1y = bigbig ~~ J (bizbis TNy YT v 24 Sy
TR S vy Y | VY b3o blz 1 bis
\ / 1 ~
bis _ | b, bis b \ s © bis SN voN bos //” -2
% \\\a b| Ib \\ 1 /// \\ b13 b14 d I/J' | 3 < )
! 3 ! b ‘\ 4l /’ v big .7 c \ NV vv3 \a bis a -7 ESK
! \ -7 R
|\a b a % ?’8\ \\ /, N . bJ, P : b15 b28 NS b29 .
Lo oo <o big - 17 i Y b9 a v
T P ’ ! ! 6 2 al v bzo |
b a v / /1y e b bso! " bao |
al L. bso | 2 . / 21 e < 30/ 2 / "
\ ~ /
bao | \ba1 b3o N bflng / 4 /d A11721 !
/4 | 1\) ~ pme “ c\ ,/ +v P 1 = pme /
/ 1 \\ 4 \ 2 e - \ 4 ’
‘lbzl ~ pme /’ a R +3 > < l v b5 \a\ J
| 4 ! T by be ls \\\ 4 7
\ ’ . .
a . 21 b
AN J‘l R bg b bs 8
~s b ' 8 (a)
: (b) o @
@

b() bO
$l
b1 J’S
K\ b3 o
3\b ;k N
plk by N
bo < 4 > N / e \\
9~ _--=3 by b b 3
b.- By 9 22 4
/ /) N 4 \
13 )/ bio . 4 baz |
7 1 N x 1
21z <y b ¢ l .
b{ VY \rp’ b11 N \:d/,
-2 bigbig <~ + «bog)
/ VL \ b12 NN
| bis . 8 RN bas
b) v b bis  bis d fl
\
\ 4 /b,’ NV 3
' A bis bag
~_bio T .
» \
J l l(j l2;
2
\ . 5 ba1 —_— bBO’ld
021 pe < 30 4 K
b 4 - .
~ +3 b5 -
by l
1
bs b 3
8

Forward data flow
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Backward data flow
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Forward Data Flow of b Forward Data Flow of ¢

Forward Propagation bo
begin main begin si @
a += O bg a += d \\
b += 1% -> 11 3\b
c += 2“ 11;12 <- a<=3 fk \\
d +F 3| blO a += 1 b — b4 ~ X
call sil, s2 a><7 -> 13;12 9 -~ {ba
d -4 61| b1 13 < p L7
C _l 7 | b=1 P x / PEa
_‘ \ b12 c —=4 / 3 // //
b -= 6 a>gbl™=> 14;15 N 1 -
_‘ ‘ /b 7/
a -=.6 / -> 14 / /
end n‘\ain“ 7 b += 1 M / ;o
b 13 = b=5 ol I'c
c=7 — _l/’F 16 <- \\ / | .. ;'
; - C
begin s2 ~ > 1 \ [Conflict /', Vo |
b += 1 + ch=4"|bu(| b *= 2 b=6\ P b ‘b \
C += d + 4 17 <- I ' : 8 \\
V x b1s iG ;_i7IE<_ ar=c ,l b A
d += 3 bl V y //
P y 617 c += /




Backward Propagation

bs| d -= 6 b1 ;3 <
be| ¢ -k 7 -
1 by € T %
br| b L 6# 12 a>gb] => 14,15
bg 1. Jb=4
end main bis[| b += 1
2556 i \ 16 <- - -
! begin s\2 -> 15 ,/
be: b+-1+\\ bia( | b += 2 =7
|b23 c += d + Q \ 17 <- | =~ ~
b I "a=6 16;17 <- a>=c
24 V XI \ b15 L @_ 4
b25 d +f 3 v\ 37T RIS
16| V y f
P d=6 v\
2| P yid= N
21] V2V 6\ b V oz
bog| a <=> d i~ _ |yfbo| a <>
bog| P z T omlby| a 4= 1
c -= 2 P z
b
b30 end s?2 2! end sl

Forward Data Flow of b
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Backward Propagation

begin main

a += 0
b += 1
c += 2
d += 3
call s1, s2
d -= 6
c -= 7
b -= 6
a —-= 6

end main

b2

ba3
bayg
bas
bas
ba7
bag
bag

b30

begin s2

b += 1 + ¢
c +=d + 4
V x

d += 3

Py

V z

a <->d

P z

c -= 2

end s2

begin s1
bg a += d
-> 11
11;12 <- a<=3
blO a += 1
a>=7 -> 13;12
b | 57
bia || ¢ %
a>4[]—> 14;15
-> 14
613 b += 1
16 <-
-> 15
bia{ | b += 2
17 <-
bys lG;lE:f— Z>=C
a -= _
bie| V y
bi7| ¢ += 4
big| V z
big| a <-> b
bao| a += 1
P z
ba1 end s1i

Forward

b=4
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b

Backward
Propagation Propagation

=7

|
O

=

Result

U
|
~

cr
|
O
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Result of Constant Propagation

begin main

a += 0
b += 1
c += 2
d += 3
call s1, s2
d -= 6
c =7
b -= 6
a —-= 6

end main

b2

ba3
boy4
bas
b2e

bag
bag

b3o

begin s2

b += 1 + ¢
c +=d + 4
v

d

P

v

a

P

c —-= 2

b1a

b1s

b16
b17
b1g
b1g
b2o

b21

begin s1
a +=d
-> 11
11;12 <- a<=3
a += 1

a>=7 -> 13;1
13 <-

Optimization

2024-2-28 Urbino

b,
b
%
b3
%
%
b
b’T

b

begin main

a += 0
b += 1
c += 2
d += 3
call s1, s2
d -= 6
c =7
b -= 6
a —-= 6

begin s2
b += 3
c += 7
V x

d += 3
Py

V z

a <-> d
P z

c —-= 2
end s2

begin s1i

a += 3

-> 11

11;12 <- a<=3
a += 1

a>=7 -> 13;12
13 <-

P x

c —= 4
b += 1
a =1
Vy
c += 4
V z

a <-> b
a += 1
P z
end sli

7




ne program becomes simp
ne number of variable reac

ne annotation DAG after o

er.
s decrease.
otimization

is smaller than the pre-optimized
version.

-fect of Constant Propagation

begin main

!/
b0 a += 0
bi| b += 1
by| ¢ += 2
b5 d += 3
by| call s1, s2
bs| 4 -= 6
bg| ¢ -= 7
| b -= 6
b a -= 6
8 end main
By begin s2
b += 3
bys| c += 7
boul V x
bys| d += 3
by| Py
by, V z
bog| a <-> d
byg| P z
o (-
end s2

begin s1i

a += 3

-> 11

11;12 <- a<=3
a += 1

a>=7 -> 13;12
13 <-

P

O T P00 <P T O
+ 1 X

] ] i un

- 1 e

P

QO N 4+ AN + < |
[
v
o

[0)]
[
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Concluding Remarks

* CRIL as a concurrent reversible intermediate language.
« Contorlled semantics with annotation DAG

« The Controlled semantics has Causal Safety and Causal
Liveness,

 Bidrectional data flow analysis in CRIL
« Constant propagation to CRIL



Future work

A variant of SSA (Static Single Assignment) form for other
optimization techniques

(Work-in-progress) An extension of RSSA

« Channel-based communication for the message-passing.
Application/Extension for Go?

- Effect of Annotation DAG in Reversibility
Less reversible with less dependency structure?

2024-2-28 Urbino
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