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Abstract Reversible computing has a close relationship to the energy dis-
A reversible programming language supports deterministic for- SiPation of physical computing processes. Landauer showed that
ward and backward computation. We formalize the programming a computation process where the previous state Is not determined
language Janus and prove its reversibility. We provide a pro- Uniquely must dissipate at least a minimum amount of heat [19].
gram inverter for the language and implement a self-interpreter He "’.‘leo cHonjecturedBthat Sttomf? corgptLrJ]t_atlons_ catnnottbebmgde re-
that achieves deterministic forward and backward interpretation of VE'SID'€. FIOWEVEr, Bennetl showed this conjécture 1o be incor-
Janus programs without using a computation history. As the self- ”?Ct.[fﬂaWh!Ch implies, at least in theory, that the amount of heat
interpreter is implemented in a reversible language, it is invertible d'S‘?'Eat'on in th_glcomputlng prol((:jesshhas no I_owerfbognd_. h
using local program inversion. Many physical phenomena are re- us, reversiole COTpli]t'ng‘ol s the promise of reducing ]E e
versible and we demonstrate the power of Janus by implementing aPOWer consumption of physical computation processes (cf., re-
reversible program for discrete simulation of the Sctinger wave  VieWs [32, 10, 4]), an idea that has recently attracted renewed in-

equation that can be inverted as well as run forward and backward, [€7€St: Examples are the reversible adder [6, 17] and the reversible
microprocessor Pendulum [31, Part Il] and the design of the in-

Categories and Subject DescriptorsD.3.1 [Programming Lan- struction set architectures for reversible chips [31, Part Ill and Ap-
guagek Formal Definitions and Theory; D.1.nPfogramming pdx. AJ[9, Ch. 9 and Appdx. B][16]. However, to gain the greatest
Techniquep Miscellaneous; D.3.4 Hrogramming Languagés degree of profit of recycling energy by reversible computing sys-
Processors—interpreters tems, it is not only necessary to consider low-level hardware issues,
but also high-level logical reversibility at the software level.
General Terms Languages, Theory This paper focuses on formalization of the reversible program-

i . . ming language Janus (Sec. 2.1-2.2) and proving its reversibility
Keywords Janus, Non-standard interpreter hierarchy, Program in- (Sec. 2.3). We provide an automatic program inverter for the lan-
version, Reversible computing, Reversible programming language, g,age (Sec. 2.3.3) and implement a reversible self-interpreter (Sec.
Self-interpreter 3.1-3.2). To our knowledge, this is the first reversible self-interpret-

er reported to date. In common with other programming paradigms,

1. Introduction reversible programming has its own programming methodology.
We explore basic programming techniques based on our practical
experience with programming in a reversible language (Sec. 3.3).
We show the power of Janus by implementing a reversible program
for discrete simulation of the Sdbdinger wave equation that can
be inverted as well as run forward and backward (Sec. 4) and by
running several reversible computing experiments with a tower of
interpreters.

Intuitively, reversible computing is closely related to program
inversion. For example, a reversible computing system has an in-
verse system that can be obtained by inverting the direction of its
state transitions. We show the relationship between program inver-
sion and reversibility. Several programming languages have been
called reversible without further formalizing this notion. Here, we
characterize reversibility in terms of local invertibility.

A reversible computing systef80, 4, 10] has, at any time, at
most a single previous computation state as well as a single next
computation state, and thus a reversible computing system can
run programs uniquely forward and backward by following the
deterministic trajectory of the computation.

Many reversible computation models are as powerful as their
irreversible counterparts. For example, Turing machines are re-
versible if their transition functions are bijective [3, 20]. Addition
of a computation history that keeps track of every computation step
provides a general translation from irreversible to reversible Turing
machines [19]. Thus, given unlimited resources, reversible Turing
machines are as powerful as their irreversible counterparts.

Permission to make digital or hard copies of all or part of this work for personal or 2. The Janus Language

classroom use is granted without fee provided that copies are not made or distributed . . . .

for profit or commercial advantage and that copies bear this notice and the full citation The imperative langl-!age Janus appears to _be the_flrSt reversible
on the first page. To copy otherwise, to republish, to post on servers or to redistribute structured programming language. Although it was first suggested
to lists, requires prior specific permission and/or a fee. for a class at Caltech [23], it shows the fundamental constructs
PEPM 2007 - January 15-16, 2007, Nice, France. that are necessary for reversible languages. The main differences
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Syntax Domains Grammar
Y v e Valsdanug = {0,...,2% — 1}

S N id o)t
be f,;‘;ff};ﬁﬂ? b z | gjp[rc‘]’ced“re id s) | € Lvalsjdanu$ = {a,b,...,al0],all],...,b[0],...}
¢ € Cons[Janus si=z@=c|zle] d=c| o€ Stgres[Jaans = Lvals[Janu$ — Vals[Janu$
id € Tdens|Janus if ethen s else s £ic | I' € PMaps[Janu$ = Idens[Janu$ — Stmts[Janu$
s € Stmts[Janu$ frome do s loop s untile |
e € Exps[Janu$ call id | uncall id | skip | s s Figure 3. Semantic values
® € ModOps[Janu ec:u=c|z|xle]l |[eGe
© € Ops{anus ¢ o ol E | - | 4294967295 can be seen in Fig. 2(b): initially, assertien must be true and
G u=+]-| . . .
Qu=@|*|/ %%/ |&| | |&&| Il ] do-statement; is executed. If test is true, the loop terminates,

otherwise, loop-statement is executed, after which; must be

- false. If the assertion does not have the required value, execution
Figure 1. Syntax of Janus of the loop is undefined. The assertion is only initially true. This
makes the loop reversible.

A procedure callexecutes the procedure body in the global
store. There are no parameters or local variables. To pass values
to and from a procedure, we use side effects on the global store. A
procedure uncalinvokes inverse computation of the procedure. As
discussed later, an inverse procedure call is efficient in Janus.

An expressioris a constant (a 32-bit non-negative integer rang-
ing from 0 to 23?2 — 1), a variable, an indexed variable, or a bi-

<|[>|=|t=]<=]|>=

(a) Conditional (b) Loop nary expression. Ainary operator® is one of the arithmetic
- 5 (+,-,*,/,%,*/), bitwise &,1, ~), logical &&,| 1), or relational op-
Figure 2. Reversible structured control flow erators ¢,>, = ,!=,<=>=). All are defined on non-negative integers.

All arithmetic operations are modul¥?. The binary operators in

o ) ) expressions need not be injective. We will see later why this does
trol constructs, and the possibility of uncalling procedures (i.e., t0 not harm the reversibility of statements.

its constructs can serve as a model for designing other reversiblegtsp], Exps[p], etc.. For exampleStmts[p] is the set of state-

languages. ments inp. We consider only programs that are well-formed (every
identifierincall anduncall in p is declared as a procedure name;
2.1 Syntax every variable used ip appears in the variable declarations).

A Janusprogram consists of variable declarations and procedure

e e 01 tho 18 07111 a2 1 Fonacesrumber i anci (13 The
- yp variable declarations ame x1 x2. All variables are initially set

only values in the language are non-negative _|ntegers._Subscr|ptst0 zero. The procedure declarations areif_fwd setsn to 4 by
of an array start fronD. A procedure declaration consists of a

. . _ .2
keywordprocedure, anidentifier, which is the procedure name, adding it to zero-clearex:

Example program Given a numbeg, procedurefib computes

and a statement, which is the procedure bodystétemenis a procedure fib procedure main_fwd
reversible assignment, a reversible conditional, a reversible loop, a if n=0 then x1 += 1 n += 4
procedure call, a procedure uncall, a skip, or a statement sequence. x2 += 1 call fib
A reversible assignmerig similar to an assignment in the pro- elsen -= 1
gramming language C. The variahteon the left-hand side of an call fib procedure main_bwd
assignment must not appear in the expression the right-hand x1 += x2 x1 += 5
side. Similarly, array variable must not appear in the expression x1 <=> x2 x2 += 8
on either side of the assignment. This, together with the reversible fi x1=x2 uncall fib

modify operator® (addition, subtraction, bitwise exclusive-or),
makes the execution of assignments reversible (discussed later). A
assignment is the only way of changing the value of a variable. - : . . _

A reversible conditionahas two predicates: the predicate after EQ Jni'{j'iitt'??s 1&%3;?}2?%2 z;r:nrlal?égggag? pigtﬁg‘led_ fir
if is thetest and that aftefi is theassertion If the test is true, d)e/terminist?c forWard and backward Cgm utation '
the then-branch is executed and afterward the assertion must be P '
true; if it is false, the conditional is undefined. Similarly, if the 5 5 operational Semantics
test is false, the assertion must be false after executing the else- . i . .
branch. As usual, zero is considered as false, with any other value T"e semantics of Janus programs is specified by the rules shown in
considered as true. The control flow is illustrated in Fig. 2(a) where Fi9- 4. The semantics have two main judgments: the evaluation of
e, is the teste, the assertions; the then-branch, ands the expressions anql the execution of statements. Befor_e we explain the
else-branch. We circle the assertion and mark the incoming arcsules, we will briefly describe the semantic values in Fig. 3 along
with true ¢) and false f), as required. The assertion makes the With some notation.
conditional reversible. Preliminaries A valuew is a non-negative integer ranging from

A reversible loophas two predicates: the predicate aftebm 0to 232 — 1. A left-value! is a variable name or an indexed
is theassertion and that aftentil is thetest The control flow

r{D\II Janus procedures are reversible. Settingo 4 and calling
fib in main_fwd computes the Fibonacci numbets = 5 and

2Swapx1 <=> x2 is an abbreviation for the statement sequente™=
1For simplicity, we do not consider input and output operations. Some x2; x2 "= x1; x1 “= x2. Bitwise exclusive-or {) allows to swap val-
operators in the original letter [23] were changed into C-like notation. ues without destroying existing ones.
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Evaluation of Expressions

0 Fewpr € =0

g Fezp'r erL = v1 o Fezpr €2 = VU2
[©](v1,v2) = v

————— CON VAR ARR Bor
0 Feapr ¢ =[] 0 Feapr © = o(x) 0 Feapr xle] = o(x[v]) O Feapr €1 Q€2 = v
Execution of Statements
0 Fegpr e =0 O Fepr el =1 0lepre=wv
ASSVAR ASSARR
0 Fstmt © ®=e€ = o[z — [D](c(x),v)] o Fame zlel] d=e = ofzlvd — [@](o(zvd),v)]
U}iezp'r €1 = V1 / 0/ Frzzr€2:>v2 0"7533 r €1 = U1 / U/ }_em)r €2 = V2
" .. Teap Texp . eay
is-true?(vy) O et S1=0 is-true?(v2) is-false?(v;) 7' stmt 52 =0 is-false?(vz)
. . IFTRUE . . IFFALSE
0 Fsime if €1 then s1 else so fi ey = o 0 Fsimt if €1 then s; else so fiex = o/
0 Fespr €1 = 01 ;0 Fegpr €2 = 1
. - . eap
is-true?(vy) O loort (1,51, 52,€2) = & is-true?(v2)
. LooPMAIN
0 Fstme from e1 do s loop s until ez = o’
0 Fatmt 51 = 0’ 0 Fstmt 52 = 0’
stmt 21 — LOOPLBASE stmt 22 — LOOP2BASE
0 Fioop1 (e1,81,82,e2) = o 0 Fioope (€1,81,82,62) = 0
! 1"
. ;T Feavpv' €2 = U2 ’ e o n o Fempv' €1 = U1 " . "
O Fsimt 51 =0 is—false?(vg) g l_l()up,?, (61,51,52702) =0 is—false?(vl) 0" Fstmt 51 = 0
I LooOPLREC
J}ilnopl (61731782762) = O
! 1"
e l_ezp'r‘ €1 = v ’ n O '_ezpr €2 = V2 7 "
g Fstmt S2 = O is—false?(m) [ Flaopl (61, S1, 52, 62) =0 is—false?(vg) g Fstmt So = O
m LOOP2REC
g }_luop,? (617 51,52, 62) =0
g Fstmt S1 = U/
0 Famt D(id) = o' o' Femt '(id) = o o' Fatmt 52 = o
stmt L' (1) — CALL stme L'(id) — UNCALL SKIp s SEQ

o bFsimt call id = o 0 Fstme uncall id = o

0 Fsimt skip = o 0 Fstmt $1 82 = o’/

Figure 4. Operational semantics of Janus programs

variable name. Thetore s is a partial function from left-values
to values. The application of a stoseto a left-valuel is denoted
by o(1). Given a progranp, the domain o is Lvals[p] ando (1)

is undefined ifl ¢ Lvals[p]. Updates[l — v] denotes the same
mapping asr except that maps tov. Equality of two storesg
ando’, is defined by = o' %' Vi € Lvals[p]. o(1) = o’(1). A
procedure-maf' is a partial function from identifiers to statements.
Program execution starts in a zero-cleaneitial store o;,:: (all

[ € Lvals[p] map to0).

Evaluation of Expressions Judgment +.,,, e = v defines the
meaning of expressions wheseis a storee an expression, and

a value. We say that under stareexpressiore evaluates to value
v. There is no side effect on the store. All operaterare defined
wrt integers. Some definitions are as follows (others are similar):

[*/1(v1,v2) = | (v1 ,,TUQ)/232J
=El(vi,v2) = { 0 if v1 # v2

1ifU1:’L)2

[+](v1,v2) = v1 +32 v2
[-1(v1,v2) = v1 —32 v2
["1(v1,v2) = v1 zor v2

wherev; O3z v2 B (11 ® v2) mod 2%2, floor |v] is the largest
integer less than or equal tg andzor is bitwise exclusive-or on
the binary representation of integers. Operatois the fractional

The meaning of an assignment is defined by the rulssVAR
and AssARR. We distinguish between assignments to variables
and to indexed variables. The assignment operl@tei) stands for
(+=), (-=), ("=). The meaning of a conditional is defined by rules
IFTRUE and IFFALSE, and which rule applies depends on the value
of e; andez (cf. Fig. 2). Predicates-true?(v) andis-false?(v)
stand forv # 0 andv = 0, respectively.

The meaning of a loop is defined by a main rule for the entry and
exit of a loop and four symmetric rules that specify the statement
sequence that is executed when repeating the loop. RoterL
MAIN requires assertiosy and test; to be true when entering and
exiting a loop (cf. Fig. 2). The statement sequeRgas ... s2 s1
that is executed by the loop is specified by the two judgments in-
dexed byloop1 andloop2. Rule LoOP1REC specifies the portion
of the statement sequence that executebefore and after judg-
mentloop2, which requires that; ande, are both false. Similarly
for LooP2REC. Rules LooP1BASE and LOOP2BASE specify the
innermost statement of the statement sequence, which is the execu-
tion of eithers; or s2. The rules show the symmetry of a reversible
loop which is expressed by a central recursion. Clearly, they can
also be formulated in a way using right- and left-recursion that al-
lows for a direct and efficient implementation of the forward and
backwards semantics.

product where one factor is regarded as an integer and the other as A procedure call executes the procedure bdtyd) in the

a fraction between and1.

Execution of Statements Judgments g.,: s = o’ defines
the meaning of statements whereand o’ are stores, and is a
statement. We say that under sterghe execution of statement
yields the updated storg’. We callo the input ands’ the output.
As the procedure map is fixed for a given program, we omit it
from the judgment for notational simplicity.
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current store. It relates the input stereand the output store’ of

the call with the corresponding stores of the procedure body. The
rule is simple because there are no parameters or local variables.
Conversely, a procedure uncall relateand o’ with the opposite
stores of the procedure body: the input sters the body’s output
store, and the output stotg is the body’s input store. An uncall
changes the direction of executing the procedure body. This is an
important mechanism of Janus (cf. exampi® in 2.1).



The XiIP rule does not change the input and output stores. The backward determinism of the conclusion. Because expression eval-

execution of a statement sequence is defined by raie S uation is forward deterministic and becauserue? andis-false?
o are mutually exclusive, there is precisely one rule that may be used.
2.3 Reversibility of Janus For loops, the sequence of statement executions, @nd sz

A reversible programming language supports deterministic forward (the number of loop iterations) uniquely determines the proof tree
and backward computation. Here, are going to show that JanusOf LOOPLBASE, LOOPLREC, LOOP2BASE, and LOOF2REC. The
is indeed a reversible programming language; we will show that induction hypothesis immediately implies forward and backward
all statements are forward and backward deterministic and that determinism of the conclusion of each loop rule. The evaluation of
local inversionis sufficient to produceleterministic inverse pro- ~ assertiore; and tesk, uniquely determines the loop iterations.
grams Consequently, Janus programs can be run efficiently inboth ~ The proofs for @LL, Skip, and &Q are immediate. In -
directions. From a theoretical viewpoint, inverse computation of CALL, we rely on the assumption of backward determinism to
any program is possible using McCarthy's generate-and-test ap-Prove forward determinism, and vice versa. O
roach [25], regardless of the type of programming language used I
'Po write Ehe]program, but this a[?;)eoachpis r%]uch toogineff?cier?t to be 232 Local Invertibility of Statements
practical and in general there is no unique solution. This is one of A statement; is theinverseof a statements iff for all & ando’

the reasons why we study the conditions for reversible languages. O o $1 = 0 0 Famt 52 = 0.

2.3.1 Forward and Backward Determinism We introduce an equivalence relatienon expressions and state-
The inference system for Janus statemerfarisard deterministic ~~ MeNts-

if, for some statement and some store, judgments g s = e1 ~ ez iff (Vv € Vals[Janu§ Vo € Stores[Janus

o’ holds, then store’ is unique. We will also prove that the system _ o lhm e1 = v < 0 bepr €2 = 0)

is backward deterministidf, for some statement and some store 51~ s iff (Vo,0’ € Stores[Ja!’]u$ /

o', 0 Fam: s = o holds, then storer is unique. This is the 0 Fstme 81 =0 <= 0 Fgm 2 = 0')

basis of the reversibility of Janus programs. The following lemma Usually, a statement has more than one inverse statement. They
expresses that expression evaluation is forward deterministic. are syntactically different but they are all equivalent to each other.
Lemma 1 (Forward determinism of evaluatian) We write an inverse of ass. Concatenation of two statements,

represented by a space, is associative,di€(s2 s3) ~ (s1 s2) s3,

Ve € Exps[Janus], Vo € Stores[Janus]. and we omit the parentheses. For simplicity, we weitevhere

0 bepr e =0 N o Fepre=0" = v =" e ~ skip. The following lemma states some useful properties
Proof. Structural induction on expressions. Clearly, axiontsnC about statements.
and AR are forward deterministic. In the inductive case at# Lemma 3.
the evaluation of the index expression is assumed to be forward Referential transparency : s~ s’ = s1 552 ~ 518 82
deterministic. In BNOP we use the additional fact thgt)] is a Inverse : S182~ € < s2851~€
function for every binary operator. O Sequential inverse : (s182) ~ 82 51

Referential transparency states that the equivalent relation on state-
ments is context independent; that is, we can replace equivalent

statements in a statement sequence without changing the meaning.
Inverse states that inverse statements are commutative. Sequential
inverse states that the inverse of a sequence of statements is equiv-
alent to the reversed sequence of the inverse statements.

A statement invertetransforms a statement into an inverse
statement. The statement inver®iin Fig. 5 transforms a Janus
Theorem 2 (Forward & backward determinism of execution) statement into an inverse statement. The inversion is straightfor-
ward and performed by recursive descent over the components of a
statement. An inversion is calléacal wrt a certain syntactic unit of
a program iff for any given program unit the inversion can always
produce an inverse unit. The statement invefigrerforms local
inversion wrt statements. The following lemma shows not only the
Proof. We use rule induction using the induction hypothesis that existen(_:e an inverse statement for every Janus statement but also
both properties are satisfied for the premises of the inference rules.that an inverse statement can always be constructéd by

An interesting case is to prove forward and backward determin- Theorem 4 (Statement inverter)
ism of assignments. In #sVAR, expression evaluatioa ..,
e = v is forward deterministic by Lemma 1 arfeb] is a func-

The evaluation of expressions is not backward deterministic
because functiof®] is not injective, and thus there exists no
inverse. As we shall see, this does not harm the backward and
forward determinism of Janus statements. We have the following
theorem which tells us that statement execution is an injective
function for any statement, and thus the inverse exists. It also tells
us that it is not possible to write irreversible statements in Janus.

Vo,o’,¢" € Stores[Janus].

obsmis=0 ANoltgms=>c" = o =0"
Vo,c',¢" € Stores[Janus].

o' Foms=0 Ncd' Fams=>c — o =oc"

Vs € Stmts[Janus]. o Fsimt s = 0" <= o' Fom Z[s] = o

tion for every modify operato®. Therefore, ASVAR is forward Proof sketchWe use structural induction cnand proves Z[s] ~
deterministic. The proof of backward determinism uses two prop- . Each base case is shown by a derivationsfer using the rules
erties of Janus. First, the syntactic restriction (Sec. 2.1)that in Fig. 4 and the inductive case of a sequence uses Lemmal3.

x &= e does not occur ir. Thus,o b € = v is independent of

the value ofz in o. This means that evaluates to the same value Consequently, a program written in Janus can be run efficiently
v before and after updating in o. Second, for every, function in both directions because local inversion of statements can be per-

M. [@](v',v) is bijective and, thus, an inverse function exists. formed on the fly, which allows the implementation of interpreters
Consequently, ASVAR is backward deterministic. The proof for  that supports computation in both directions. There is no need for
ASSARRIs similar. a global transformation or analysis of the program. Such an inter-
For conditionals, #kTRUE and IFFALSE, the induction hypoth- preter can be viewed as a combination of a standard interpreter and
esis about statement execution immediately implies forward and an inverse interpreter where uncall flips the computation direction.
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Iz ®=€] =z @'=e where (') = Top[D] Zoplt] = -
Iz e ®=¢] = zle]] @'=e where (&) = Lop[@] Zop[-] = +
Z[if e then s; else sy fi es] = if ey then Z[si1] else Z[s2] fi e Zop["] =~
Z[from e; do s1 loop sz until ez] = from ez do Z[s1] loop Z[s2] until e;
T[call d] = uncall id
Z[uncall id] = callid
T[skip] = skip
I[[Sl SQ]] = I[[Szﬂ I[[Sﬂ]
Figure 5. Statement inverter for Janus statements
2.3.3 Program Inverter of statements are reversible. The problem is that the evaluation of

A program invertettransforms a programdM into an inverse pro- ~ €XPressions is not backward deterministic (Sec. 2.3.1).
While the inversion of an assignment does not require inver-

gram Rsm~ L. The inversion of a Janus program can be performed . . . X . L

by recursive descent over the program structure and inverting eachtsr']o? of the rlght-hatnd_ S|d|e exp;etismfr(cf. F('jg' 5), it tlst_never-
procedure definition individually. The statement invefén Fig. 5 eless necessary to implement the forward computation f

can be used to invert the body of a procedure. reversible statements. As we do not wish to use a global compu-

tation history to make ®IT reversible, we resort to what can be
I[d* proc, - - - proc,] = d* I[proc,]---ZI[proc,] called a ‘local Bennett’s method’ which consists of calling the eval-
I[procedure id s| = procedure id "' Z[s] procedure, copying the result to a variable that is not used in the
eval-procedure, and then uncalling the eval-procedure to undo all
side effects the procedure may have had on the store.

€ To make SNT simple, we impose restrictions on the form of

For each procedur&l, an inverse proceduri ~* is produced. In
contrast to the statement inverter that does not change the sourc

program, the program inverter produces an inverse program by j.n ¢ nrograms. We will preprocess Janus programs into those in
replacing each procedure by its inverse. Thus, it is necessary ©which any expression is a constant, a variable, an array variable

modify the inversion rules foeall anduncall such that they i 5 variable as index, or a binary expression with variables as
make use of the inverse procedures. The two new r'ules are (all Otherarguments. This form does not lose the expressive power since
rules of the statement inverter remain unchanged): any expression can be transformed into this simplified syntax by
Z[callid] = callid™! adding temporary variables. Temporary variables must be cleared
Z[uncall id] = uncall id~ 1. before and after computation to make the programs semantically
equivalent. Tests and assertions in conditional statements and in

The program inverte? is inverse to itself. Applyind@ twice pro- loops are to be transformed in a similar way.

duces a program that is functionally equivalent to the original pro-
grams.
s ~ T[Z[s]] 3.2 Encoding of Janus Programs

The sizes of the original program and its inverse are the same as the*S Janus has only numerical data, we encode Janus programs into
program inverteZ does not change the size of statements. In con- tWo integer arrays: (1) Arrayype[] contains the integer code of
trast to program inversion in other (non-reversible) languages [14, @n atomic construct (e.g., integet.., for call) or the start and
26], program inversion in Janus can be performed by local inver- end markers of a composed construct (e.g., integgf andny'
sion. This is not possible in conventional languages because pro-bracket an assignment). (2) Arragra[] contains an optional pa-
grams produced by local inversion may be nondeterministic and rameter for a syntactic type (e.g., an integer that uniquely identifies
a global program analysis and transformations may be required tothe called procedure, an index into the store for a variable, or an
obtain a deterministic program, if this is possible at all. operator code for a binary operator) or an offset when it is a start
or end marker. The offset of the start marker points forward to the
3 location of the end marker, and the offset of the end marker points
3. Self-Interpreter backward to the start marker. The offset is the length of an encoded
Here, we will present the design and implementation of self- statement plus 1.
interpreter NT for the reversible language Janus. We are looking  Calling procedurenext (at the bottom of the third column in
for an implementation that does not require a global computation Fig. 7) when program countgsc points to a start marker skips
history to support reversible computation. As Janus does not allow forward over one syntactic block by adding the offset of the start
irreversible statements, it itself must be reversible. Moreover,  marker topc. Conversely, uncallingext at an end marker skips
SINT needs to interpret Janus expressions that are not backwarchackward one block. Note that one procedure implements both
deterministic. This raises the question of how to implement the ir- cases (we share the code by call and uncall). The temporary vari-
reversible operations iniST. Here, we will describe how we met  ablenext_tmp is needed becausge on the left-hand side of the
these challenges. To our knowledge, this is the first report of a self- assignment may not occur on the right-hand side. The temporary
interpreter for a reversible language. It is also the largest reversible variable is zero-cleared using the offset at the end marker.

program discussed in this papein$ has230 lines of formatted For example, assignment+= 5 is encoded by
Janus source code (not counting comments).

We also implemented a Janus interpreter in Standard ML type | ne" | Maop | Maval | Meon | Nimw
(SML), and will discuss the differences betweemSand INT. para 4 gigs 271 5 4

3.1 Self-Interpreter in Janus where the parameters of the syntactic types are as follbissthe

The semantic rules of Janus must be implementediT By re- offset of the start and end markes.;® indicates the assignment
versible statements. We have shown that the rules for the executionoperator =), 271 is assumed to be the location ©in the store,
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end
stmt

start
stmt

Tprog[d* (procedure id s)*] = (n

- Tstm [[Sﬂ n )+

* Naop * Nlval * ,2:7]9 [[P]] n;g;;l
— start
=MNZep = * Naop * (TiL o " Top *
Tewpled] - n 4 Tewple] - n
— tart d
=nie""  Teap [81]] nipt

start
- naop
start

Tstm [[T &= E]]
Tstm [[‘L [Cl] b= (3]]

Nlval-
end
aop

Tstm [1if €1 then s;

Pprogld* (procedure id s)*]

Pstm [[-'L' b= G]]
Pstm IIJ: [e;] &= 5]]

Pstm [[if e1 then s1

(offset(Pstm[s])) ™

= offset(Paop[®=] - loc(x) - Peaple])

= offset(Paop [D=] - offset(npius-
loc(z) - Peapller]) - Peaple])

= offset(Peapler]) - offset(Psim[s1])-

. Start 1 it ) else sg fi es] offset(Pstm [s2]) - offset(Pexple2])
else s2 fi es] nimﬁt Tatm[s1]- nit”r,‘[lit Pytm[Erom e1 do 51 = offset(Pexpler]) - offset(Pstm[s1])-
nsgmtt' stm [s2]- nstn:it' loop s2 until es] offset(Pstm [s2]) - offset(Peaple2])
n;;: eap [e2] nend Psim[call id] = line(id)
Tstm[from ey do 51 =ngen Te Ezp lea]- nggor}n Pstm [uncall id] = line(id)
loop s2 until es] n;itfni Totm[s1]- n;{'mdt Psim [skip] =0
n3eme  Tstm [s2]- ngtnmdt' Pstm[s1 s2] = Pstm[s1] - Pstm[s2]
nélt‘ilg. erp HEQH n\mtll
Tstm [call id] = Ncall Peaplc] =c
Tstm [uncall id] = Nuncall Peap ] = loc(z)
Tetm [skip] = Mskip Peaplzlel] = offset(loc(x) - Peaple])
ﬂf,m [[51 52]] stm Hsl]] . Ztm [[52]] Pezp er® 62]] = OﬁSEt(Pop |I®]] . Pezp Helﬂ . Pezp HEQ}])
7—6117 [ICH = Tcon Prwp |I+ ]] = npius Pup |I+ﬂ = Mplus
7;37”]7 [[:L]] = nVﬁI ) nd PaoplI ]] = nr;\é;us Pop H_H = Nminus
Toglwlel] =3 - maee - Teape] - ngis Paop[-=] = nich
7’61@ [61 © 62]] = nﬁf,‘m * Mop - ezp IIel]] 7’61;7 IIQQ]] nend

(a) Encoding of syntactic categories

(b) Encoding of parameters

Figure 6. Translating Janus program into a numerical encoding

and5 is the value of the constant. The encoding of all three proce- To restore the original value afmp, the same procedure is used:
dures of the Fibonacci example (Sec. 2.1) has leBgth65. uncall alloc_tmp. Thistime,tmp should be zero-cleared before
The encoding of a Janus program is defined in Fig. 6. Functions invoking pop. This is a call convention, and eventifp is not

Torog aNd Py produce the integer sequences for arrayse []
andparall, respectively. Functiotine(id) returns the index at
which the encoding of proceduié starts intype [] andparal].
Functionloc(z) takes a variable or array name and returns an index

into the store where the variable or the first array elementis located.

Integer sequences are concatenated by an associative operator
Functionoffset(s) concatenates the offset of an integer sequence
s at the start and end of itoffset(s) = (length(s) + 1) - s -
(length(s) +1).

3.3 Programming Techniques

Fig. 7 shows the source code ofnN$. For simplicity, we have
omitted the declaration of variables. Program coumtempoints
to the syntactic object that is currently interpreted (it is an index
into type[] andparall). Some parts have been omitted due to
space limitations (marked by [snip]). Text after // until the end of

the line is a comment. We now discuss several basic programming

techniques that were used.

Zero-cleared copying, zero-clearing by a constanin a reversible

language, as there are no destructive assignments, copying a valug 3.1

is done reversibly. If a variable is known to be zero-cleared, it

can be set to a value by an exclusive-or assignment. For example,

x "= y has the effect of reversibly copying the valueyointo x.
Similarly, if we know that a variable has the same value gswe
can zero-cleax using the same exclusive-or assignment= y.

Temporary stack How do we zero-clear a variable, sayp, of

which the values are not statically determined? It is possible to use

an initially zero-cleared stackmp_stack[] and a stack pointer
tmp_sp for this purpose. Zero-clearingmp is done by calling
alloc_tmp wWhich pushes the current valuetip onto the stack:

procedure alloc_tmp
tmp_sp += 1
tmp <=> tmp_stack[tmp_sp]
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zero-cleared the execution of the program is reversible, although
the behavior will be different. Push and pop are inverse operations
in Janus if we ignore stack over- and underflow.

Code sharing by call and uncall The same procedure can be used
with opposite functionality by calling or uncalling it. For example,
alloc_tmp above works as stack push by call and as stack pop by
uncall. We have seen this method also in the Fibonacci example in
Sec. 2.1. This is a special feature of reversible languages that allows
the same code to be reused and reduces the code size.

Call-uncall When we need the result of a proceddrbut wish
to undo all other side effects the computation may have had on the
store, we use the program pattern call-uncall.

call £
/I copy the result of
uncall f

If proceduref does not modify the variables to which the result of
f is copied, thermuncall f undoes all changes made byl1l f£.
This technique is an example of the ‘local Bennett's method'.

Implementing Expression Evaluation

The main procedure for expression evaluatioanvisl, which eval-
‘uates an expression startinggat The result of the evaluation is
returned in variableesult, which is supposed to be zero-cleared
before callingeval. After the evaluation, the program counter
points to the next syntactic object.

Depending on the syntactic typeype [pcl, the corresponding
operation is made. When it is a constant, the value of the constant,

paralpcl, is copied taresult. When it is a variable, its value in
the storesigma[paralpcl], is copied taresult. The procedure

eval_arr for evaluating an array variable was omitted due to space
constraints. When it is a binary operator, procederel _bop is
called, which leaves the resultiesult.

Proceduresval_bop callseval_bop_args to evaluate the ar-
gument expressions and then interprets the operator using the cor-



/I Execution of statements

procedure exec
from typelpc]
do pc += 1
loop call execl
until typelpc] =
pc += 1

n_stmt_end

procedure execl

if typel[pcl=n_aop_start
then call exec_aop

else if typelpcl=n_if_start
then call exec_if

else
then
else
then
else
then
else
then skip

else error

fi typelpcl=n_skip

fi typelpcl=n_uncall

fi typelpcl=n_call

fi typelpcl=n_until_end
fi typelpcl=n_fi_end

fi typelpcl=n_aop_end

call exec_from

if typelpcl=n_call
call exec_call

if typelpcl=n_uncall
call exec_uncall

if typelpcl=n_skip

procedure exec_call

call exec_call_pc_swap
call exec

uncall next

uncall exec_call_pc_swap

procedure exec_call_pc_swap
tmp "= paralpc]

pc <=> tmp

call alloc_tmp

procedure exec_uncall
uncall exec_call

= n_stmt_start

if typelpcl=n_from_start

procedure exec_if

pc += 1

call eval

if result

then uncall eval
pc =1

call next //tothen
call exec

call next //tofi
pc += 1

call eval
uncall eval
pc —= 1

call next //tothen
call next //toelse
call exec
pc +=1

call eval

fi result
uncall eval
pc =1

call next //toend of stmt
pc =1

else

procedure exec_aop

call exec_aop_args

call exec_aop_upd
uncall exec_aop_args
call next //toend of stmt
pc =1

procedure exec_aop_args

pc += 1

aop ~= para[pc]

/I copy assignment op.

pc +=1

call eval //evaluation of lhs
tmp_lhs <=> result

call eval //evaluation of rhs

procedure exec_from

pc += 1

call eval

from result

do uncall eval
pc =1

call next //todo
call exec

call next //to until
pc += 1
call eval
uncall eval
pc =1
uncall next
call exec
uncall next
uncall next
uncall next
pc += 1
call eval
until result
uncall eval
pc =1

call next //toend of stmt
pc =1

loop
/I to loop

/I to loop
// to do
/I to from

procedure exec_aop_upd

if aop = n_aop_plus

then sigma[tmp_lhs]+=result
else if aop = n_aop_minus
then sigma[tmp_lhs]-=result
else if aop = n_aop_xor

then sigmal[tmp_lhs] =result
else error

fi aop = n_aop_xor

fi aop = n_aop_minus

fi aop = n_aop_plus

procedure next
next_tmp "= paralpc]
pc += next_tmp
next_tmp ~= paral[pc]
pc += 1

/I Evaluation of expressions

procedure eval
if typelpc] = n_con
then result "= paral[pc]
else if typelpc] = n_var
then result”=sigma[paral[pc]]
else if typelpcl=n_arr_start
then call eval_arr
call next
pc—=1

else if typelpcl=n_bop_start
then call eval_bop
call next
pc-=1
else error
fi typelpc] = n_bop_end
fi typelpc] = n_arr_end
fi typelpc] = n_var
fi typelpc] = n_con

pc+=1

procedure eval_bop
call eval_bop_args
if op = n_plus

then bop_tmp "= argl + arg2
else if op = n_minus

then bop_tmp “= argl - arg2
else if op = n_xor

then bop_tmp “= argl "~ arg2
/I [snip]

fi op = n_xor

fi op = n_minus

fi op = n_plus

uncall eval_bop_args
result <=> bop_tmp

procedure eval_bop_args
pc += 1

op "= paralpc]
pc += 1

call eval

argl <=> result
call eval

arg2 <=> result

/I copy op.

Figure 7. Source code of the reversible self-interpreteniS(for readability, some constants representing syntax are underlined)

responding built-in primitive operation. Afterward, the temporary we reach the end of thef statement byiext. Theelse branch is
variablesop, arg1 andarg?2 are reset by uncallingval_bop_args.

As we assume that an expression contains at most one binary op-

similar. Theif statement is interpreted by af statement.

Loop statements are similar tof statements. We will use the

erator and that the arguments are variables, no other temporaryunderlyingloop statements to execul@op statements.
variables are necessary. éral_bop_args, the operator code is

ated by callingeval (even though they are always variables).

3.3.2

Implementing Statement Execution

Exec executes statements encoded betweestmt_start and
n_stmt_end. Each loop executes one statement by caliingc1

and incrementgc by 1. Depending on the syntactic categories of

statementsexec1 dispatches the corresponding procedure.

In exec_if, the test expression is first evaluated, and the re-
sult is copied taresult by zero-cleared copying. Depending on
result thethen or else branch is selected. In both branches, the

effect of this evaluation is undone by uncalliagal (call-uncall).
In the then branch,pc is set to the start of thehen statement,
the branch is executed, tkase branch is skipped byext, and

Executing an assignment operation consists of four parts: eval-
first stored inop and the two argument expressions are then evalu- uating the left and right expressions and remembering assignment
operators éxec_aop_args), updating the value pointed to by the
left value exec_aop_upd), the effect of the calculation of the left
and right values is undone by uncallirgec_aop_args (call-
uncall), and settingc to the next command hyext. We use two
auxiliary variablesaop for assignment operators antlp_1hs for

the left value. Inexec_aop_args, an assignment operator is first

remembered byop. Then, the left expression is evaluated and its

value is set totmp_lhs by zero-cleared copying. The right ex-

pression is then evaluated. We update the store of the left value

by exec_aop_upd depending oreop. Each encoded assignment

underlying interpreterNT.

operation is done by the corresponding primitive operations in the

To call a procedure, we remember the currgpatand set the

niIs . new program counter byxec_call_pc_swap, execute the state-
the assertion is evaluated. The result of the evaluation must be truements of the called procedure bodies, return to the place where

Then, the effect of the evaluation is canceled (call-uncall). Finally,
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it was called by uncallinghext, and set the olcbc by uncall-
ing exec_call_pc_swap (call-uncall). More precisely, procedure
exec_call_pc_swap moves the value of the currep to the tem-
porary stack byalloc_tmp and simultaneously the new program
counter will be set to the value phralpc].

Uncalling a procedure is the opposite of calling a procedure: we
simply uncallexec_call. Again, we can share the same procedure
for the opposite function. Note that this means that we shared the
forward and backward implementation of all statements. This is
only possible when the underlying interpreter is reversible.

In exec_skip the underlyingskip is executed, which does
nothing.

3.4 A Janus Interpreter in a Irreversible Language

Based on the operational semantics in Sec. 2.2, we implemented anP

interpreter NT for Janus in SML. As SML can run programs only

in the forward direction, it is necessary to prepare two versions of
interpretation for each semantic rule. We cannot share one version
with call and uncall as in the self-interpreter. Most semantic rules
lead directly to an efficient implementation for either computation

direction, but the rules for loop and call/uncall do not. For example, procedure
we cannot make a deterministic choice between the base case and y[ji] -

the recursive case of a loop in Fig. 4 due to central recursion.
As we saw in the proof of Lemma 2, this nondeterminism can
be dissolved in the proof tree. For the actual implementation, we
prepared two versions of the loop rules: right- and left-recursive
for forward and backward computation, respectively.

As all Janus statements are locally invertible (Thm. 4), inverse
interpretation of a given source program can be done on the fly in
the interpreter. To implement the forward and backward semantics
of each language construct, we follow the inversion rules in Fig. 5.
The interpretation direction is flipped by uncall. The implementa-
tion is otherwise rather straightforward. The Janus interpreter writ-
ten in SML consists of 197 lines of formatted source code (not
counting comments).

4. Experiments with Janus
4.1 Physical Simulation: Schidinger Wave Equation

Many physical phenomena are reversible and we show the power
of Janus by implementing a prograrai$for discrete simulation of

the Schédinger wave equation that can be inverted by the program
inverterZ (Sec. 2.3.3) as well as run forward and backward on the
Janus interpretemiT (Sec. 3.4). The Scbdinger wave equation is
the fundamental equation of physics for describing quantum me-
chanical behavior. It is a partial differential equation that describes
how the wave function of a physical system evolves over time.

Discrete Simulation Without going into more mathematical de-
tails, the rules [11] [9, Appdx. E, Eqg. E.5] for updating the real
partsX’ and imaginary part®’ of a vector at time step + 1 of the
discrete simulation of the Sabdinger wave equation are

Xint1 = Xin + @ Vin — €(Vig1,n + Vie1in)
Vint1 = Vin — @il ny1 + €(Xig1,n+1 + Xic1,n41)

where a; and e are constants. Valueg’; ,+1 and ); ,+1 are
uniquely determined by the rules. We impose the periodic bound-
ary conditions¥; ,, = Xiti128,, @andY; ., = Vit+12s,» Wherel28

is the length of the vectors that we consider.

The simulation starts at time step= 0 with suitable initial-
ization of the vectorst and). For implementation of the update
rules, we note thay; 41 (time stepn. + 1) depends only on the
previous); ., (time stepn) and three curren’ ,,4:’s (time step

3Cf. grammarA — bAb | bis not an LRE)-grammar for anyk.
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n+1). Thus, the vecto#’,,+1 can be computed and replagg be-
fore computing vecto),, 1. The following Janus program makes
use of this property. ProceduseepX calculates vectok’,, 1 from
X, and ), and procedurestepY calculates),,+1 from X, 41
and)),. The vectorsY and) are declared as array§128] and
Y[128], respectively.

procedure main procedure step
... ll'initialize arrays call stepX
rom n=0 call stepY
loop call step
n+=1
until n=maxn
rocedure updateX procedure stepX
X[i] += alphali] */ Y[i] from i=0
X[i] -= epsilon */ loop call updateX
(Y[(i+1)%128] + i+=1
Y[(i-1)%1281) until i=128
i-= 128

updateY procedure stepY

= alphali] */ X[i] from i=0
Y[i] += epsilon */ loop call updateY
(X[(i+1)%128] + i+=1
X[(i-1)%128]) until i=128
i -= 128

That this discrete simulation can be written in Janus and that it
does not require a computation history for backward computation
represent constructive proof that the simulation is reversible and
that computation in both directions requires only constant space
regardless of how many steps the program runs in either direc-
tion. There is no information loss. This reflects the microscopic
reversibility of the physical phenomenon.

If we were to implement the same simulation in a conventional
programming language, such as C, two versions of the simulation
would be required: the standard procedure computing forward into
the future (from time) to n) and the inverse procedure computing
backward into the past (from time to 0). The number of the
procedure nesting levels is statically bound. Hencex $an be
run both ways for any number of steps within a constant space.
There is no need to maintain a computation history, which might
lead to stack overflow, or to maintain two separate versions, which
may be prone to error. We obtain two for the price of one. Reverse
computation has its limitations, as any computation model, but
there are interesting applications where this paradigm excels and
leads to novel solutions, which is why we believe exploring this
this computation model is worthwhile.

Inverse call and program inversion For each computation direc-

tion, there are two functionally equivalent ways to run a program:

call PGM ~ uncall PeM™*

uncall PGM ~ call PGM™

forward :
1

backward :
A Janus program ®&v can be run forward either by calling it or by
uncalling its inverse programdM™' where RsM~! = Z[PGM].
Similarly, a program can be run backward either by uncalling it or
by calling its inverse program. Due to the reversibility of all Janus
statements and on-the-fly program inversion, we expect that the
running times will be the same in all four cases. This was confirmed
by our experiments. For example, the running time of program S
with n = 100 is 1.0 s (within 4 ms)n = 1000 is 9.9 s in the
forward and backward directions (withii) ms)*

4Intel(R) Pentium(R) 4 CPU 3.00GHz GNU/Linux, SML version 110.0.7.



Janus Janus Janus Janus
Janus Janus Janus Janus
call SINT call SINT call SINT™! | | uncall SINT
Janus Janus Janus Janus
Janus Janus Janus Janus
INT INT INT INT
SML SML SML SML
(a) Forward (b) Backward

Figure 8. Tower of interpreters

4.2 Reversible Self-Interpretation

We have discussed a program inveffen self-interpreter &7, an
interpreter NT, and a Schisdinger wave simulation prograntc8.
We will now illustrate the properties of Janus with a number of
experiments.

Using the self-interpreter, interpreter hierarchies with any num-
ber of levels can be buift. The properties of Janus add a spe-
cial twist to these interpreter hierarchies becauser Stself can

to run a computation deterministically backward, has a size propor-
tional to the length of the computation, and is therefore potentially
unbounded in size. It was found later that, after runnihgnd sav-

ing its output, the entire computation history can be cleaned up
by inverse computation gf’ and then returning the input instead
(Bennett’'s method [3]). The program is reversible. The variants of
Bennett's method were later improved in time and space complex-
ities [21, 20]; this approach is often used.

For the other approach, programs that are built from locally
invertible primitives and control flow operators have the poten-
tial benefit of reversibility of the underlying reversible struc-
tures. Programming languages that support this approach are
Janus [23], Pendulum instruction set architecture (PISA) assem-
bly language [31][9, Appdx. B], R [9, Appdx. C and D], and SRL
and ESRL [24]. We call these programming languageersible
a concept discussed in detail in this paper. We can also view Gries’
invertible language [15] as belonging to this catedory.

The concept of reversibility has been defined for several compu-
tation models, e.g., reversible Turing machines [3, 20], reversible
combinatory logic [7], reversible Boolean logic circuits [12, 27],
and reversible finite automata [28, 22]. It was shown that any ir-

be uncalled and, because we can invert any Janus program withreversible automaton can be simulated by a reversible automa-

program inverterZ, SINT also can be inverted. The inverted in-
terpreter &NT ! runs programs backward wita11 and forward
with uncall.

ton [29]. One of the original motivations for reversible comput-
ing was the reduction of energy dissipation during computation.
Other potential applications of reversible computing include par-

The standard interpreter hierarchy is shown in Fig. 8(a): The allel computation [5], physical simulation [9], debugging [2][9,

program £H is run forward on T by a call to SNT and a call

Ch. 10], and garbage collection [2].
Arelated concept is bidirectional languages, which are designed

to SINT on the underlying interpreter. Instead, both programs can |
be uncalled instead of called. The overall effect is that of forward for the view update problem [18, 8]. These languages also have
computation of 8H. This is non-standard interpretation: inverse forward and backward semantics. However, in contrast to reversible

computation of inverse computation. languages, these languages are not necessarily locally invertible.
Non-standard interpreter hierarchies are shown in Fig. 8(b):

The program 8H is invoked by an uncall, while 18T is invoked

by a call. The overall effect is backward computation afHSIn

the second tower, IS8T~ runs SH backward. In the third tower,

6. Conclusions

> C We formalized the structured programming language Janus and
ScH™ " is uncalled on the uncalledi$r. Again, the overall effect  proved its reversibility. We showed that all statements in the lan-
is backward computation ofc31. These are three of eight possible  gyage are forward and backward deterministic and that local inver-
towers to run a program backward on a 2-level interpreter tower. sjon is always sufficient to produce inverse programs. We identified
Again, we expect that the running times will be the same in all thjs as the key for deciding about the reversibility of programming
eight cases. This was also confirmed by our experiments. Runningjanguages and argued that this transformational property is what
ScH with n = 10 on SNT takes11.0 s in all eight cases (within  sets reversible languages apart from conventional languages. We
52 ms). The constant factor overhead of self-interpretation is about jgentified program reversibility as an instance of the general con-

110. Running £H with n = 10 on a 2-level self-interpreter (ST
on SNT) takes1410 s within 2.8 s, with interpretive overhead of

cept of program inversion and argued that it is the reversibility that
allows the implementation of efficient interpreters for forward and

about130. These experiments also demonstrate some of the theorybackward computation because they can perform program inver-

of non-standard interpreter hierarchies [1].

5. Related Work

There are two main approaches when dealing with reversibility at

the software level: converting existing irreversible programs into

reversible programs and building new reversible programs from

locally invertible components.
Generally, irreversibility of a program is caused by loss of infor-
mation. This usually happens in two situations: (i) after conditional

branches because the control information regarding which of the
branches was used is lost, and (ii) use of non-injective primitive
operations (e.g., destructive assignments) because no operation ca
uniquely determine the original arguments from the result. These

problems can always be solved by transforming a progsanto
a programp’ that additionally records a computation history [19],

which is the typical approach implemented for undo operations.

sion on the fly. In this paper, we connected the concept of reversibil-
ity to program inversion and inverse computation.

Moreover, we found that reversible languages and their com-
puting devices are a computing paradigm that is worthwhile to
study in its own right, because of the number of potential theo-
retical and practical implications of this specialized paradigm, not
only because of the promise it holds for reducing energy dissipa-
tion of the computing process. We designed and implemented a
self-interpreter for Janus and a reversible program for &thger
wave equations. These implementations are also interesting regard-
ing the methodology for reversible programming. The reversible

elf-interpreter appears to be the first such program described in
e literature on reversible computing.

Future work must aim at identifying more basic programming

techniques as not all irreversible algorithms can simply be rewritten

The disadvantage is that the computation history, which is needed® Gries presented a guarded commands language annotated with assertions

5Given ak-level interpreter tower, there a2&(k+1) possibilities to run the
tower (& > 0).
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to facilitate program inversion. We view these annotations constructively
and as part of the guarded commands language (in the same way as asser-
tions are part of the control flow operators in Janus).



statement-by-statement as reversible algorithms. More work will be
needed to gain experience on a larger scale.

Our implementations are efficient in the sense that they do
not require a computation history to make their computation pro-

cesses reversible. We performed a number of experiments with non-

[16] J. S. Hall. A reversible instruction set architecture and algorithms. In
Physics and Computatiopages 128-134. |IEEE Press, 1994.

[17] H. M. Hasan Babu and A. R. Chowdhury. Design of a compact
reversible binary coded decimal adder circuil. Syst. Archit.
52(5):272-282, 2006.

standard interpreter hierarchies and inverted their computation on 18] 7 Hy, s.-C. Mu, and M. Takeichi. A programmable editor for devel-

different levels of the interpreter hierarchy. Clearly, a goal for fur-

ther work on Janus is the development of suitable language con-
cepts that allow local variables, true recursion, richer data types,

and /O features, while remaining within the reversible program-
ming paradigm. Another aim will be the development of a compiler
from Janus into reversible machine code that will allow the execu-

tion of Janus programs directly on suitable abstract machines and

microprocessors.
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