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Too often we take the method of decimal addition to be the definition of addition.
We clarify this misunderstanding by first giving a definition of addition and then proving
that the decimal addition method is both sound and complete with respect to the given
definition. By showing the soundness and completeness of decimal addition with respect
to the addition of natural numbers, we actually propose a new approach to algorithm
correctness. We also discuss the differences between our logic approach and the tradi-
tional axiomatic approach.
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1. INTRODUCTION

Too often we take the method of decimal addition to be the definition of addition.
There are other kinds of addition methods, for instance, addition of binary numerals, ad-
dition of hexadecimal numerals, addition of Roman numerals, etc. All these are methods
of addition, and they al implement the common concept of the addition of natural num-
bers.

In primary schools, students learn addition by means of such analogies as putting
two piles of apples together. Then they learn decimal notation and the method of adding
up two decimal numerals. Addition with decimal numerals is more convenient than addi-
tion with piles of apples, especially when thousands of apples are involved. After alittle
reflection, we should realize that adding up two decimal numerals is very different from
putting two piles of apples together. This raises the question: Is the decimal addition
method that we use almost every day correct? Does the decimal addition method always
calculate the same sum as would be obtained if we did addition using apples?

Since counting apples is a more primitive notion than adding up decimal numerals,
we will take putting-apples-together as the definition of the addition of natural numbers.
There are severa ways to put two piles of apples together. First, we may move the apples
from the second pile to the first pile, one at atime. We may also take out one apple from
the second pile, then put the remaining apples in a single pile (recursively) and finally
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put back the apple that was taken out earlier. We will take the second method as the defi-
nition of addition in section 3. (The two methods are equivalent. The second method was
chosen to ease the task of proving properties.)

In section 4, we will carefully present the rules of decimal addition, which comprise
the DECL language. In defining DECL, we face an interesting question: What is the offi-
cia definition of decimal addition? Surprisingly, students achieve only an intuitive un-
derstanding of decimal addition in elementary schools and use it for many years without
learning a rigorous definition. On the other hand, students really do not care whether the
DECL language exactly captures decimal addition. The DECL language might allow
other models as well as the decimal addition. However, our study will show that every
model of DECL, in particular, decimal addition, is correct with respect to the definition
of addition.

Decimal addition is correct with respect to the definition of the addition of natural
numbers in the sense that (1) the decimal addition method computes the same sum as
would be obtained by counting apples and (2) al results that can be obtained by counting
apples can also be obtained using decimal addition. These properties will be discussed in
section 5.

The main idea behind this paper is that decimal numeras are representations of
natural numbers; other representations also exist, such as binary numerals, Roman nu-
merals, or the Chinese abacus. In order to use a representation such as a decimal numeral,
it is necessary to show that operations on the representation exactly reflect operations on
natural numbers. Here, exactly is manifested by the soundness and completeness proper-
ties.

This paper proposes a new approach to proving algorithm correctness. Decimal nu-
merals and decimal addition may be viewed as a data type. From this viewpoint, our ap-
proach resembles Guttag and Horning's [1]. In our approach, a program (i.e., decimal
addition) is specified as a first-order language, and its correctness criteria are specified in
terms of another first-order language. Though we also make use of axioms and inference
rules, our proof style is quite different from the traditional axiomatic approach [2, 3], in
which logic serves as the inference mechanism. In contrast, a program is abstracted as
logic axioms and inference rules in our approach. Furthermore, in our approach, the se-
mantic domain is also modeled as afirst-order language.

The last section concludes this paper by stating the significance of this study.

2. AFIRST-ORDER LANGUAGE WITH EQUALITY

Our discussion in this paper is based on a first-order language with equality. In this
section, we will give a definition of such alanguage. Our notation is primarily based on
[4].

Definition. A first-order language with equality consists of the following ingredients:
zero or more constant symbols, zero or more variable symbols, zero or more function
symbols, a binary predicate symbol =, the logical connectives - and —, the quantifier V,
and the punctuation symbols,, (and). We sometimes use square brackets [and] instead of
parentheses just to clarify the pairing of parentheses. A term is made up of constants,
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variables, and functions. A primitive well-formed formula (abbreviated as formula) has
theform o= 5, where zand S are two terms. More complicated formulae are made up of
primitive formulae, logical connectives and the quantifier. The language includes the
following axioms and inference rules; Let A, B, and C be any well-formed formulae, and
let f be any function symbol.

AxiomEl. A— (B— A).

AxiomE2.(A—> (B— C)) - (A— B) - (A—> C)).

AXiomE3. (-A— - B) > (B— A).

Axiom E4. V(X)A(X) — A(t), wheretisfreefor xin A.

Axiom E5. V(X)(A — B) — (A — V(X)B), where A contains no free occurrences of x.

Axiom E6. V(X)(Xx = X).

Axiom E7. V(X)V(y) x=Yy — (AX, X) = A(X, V))).

Axiom E8. V(X)V(y) (x =y — f(X) = f(y)).

Inference rule 11. (modus ponens) From A and A — B, B may be derived, where A
and B are any well-formed formulae.

Inference rule 12. (generalization) From A, V(X)A may be derived, where A is any
well-formed formula, and x is any variable.

The first five axioms and the two inference rules are the usua axioms and rules for
apure first-order language. The last three axioms define the equality predicate.

Note that the above definition is a generic definition for a first-order language with
equality. Specific languages, such as APPLE and DECL (to be defined later in this paper),
will include new constant symbols, function symbols or predicate symbols and new axi-
oms or inference rules.

The semantics of addition will be defined using a first-order language, called AP-
PLE (in section 3), that includes the = predicate, a unary successor function, and a binary
+ function. The decimal addition algorithm will be defined by another first-order lan-
guage, called DECL (in section 4), that includes the = predicate and a decimal addition
function @. We will show that @ in DECL is correct with respect to the + function in
APPLE.

We will need afew basic results for all first-order languages with equality.

Theorem (Transitivity Theorem). From A — B and B — C, we may conclude that A — C.

The proof of the transitivity theorem can be found in most logic textbooks, such as
[4, 5]. We will not include the proof here.

Lemma 2.l VX)V(Y)(Xx=y > y=X).
Proof: Let A(e, §) inAxiomE7 be f= c.

VYY) (X =y —= (x=x—y=X)), Axiom E7.

X=y— (X=X—y=x), 1 and Axiom E4.

X=y—-> X=x>y=X) > (X=y—>x=x) = (x=y > y=X)), Axiom E2.
(x=y—=x=X) = (Xx=y = y=X), 2 and 3 by modus ponens.

X=X— (X=y— Xx=X),Axiom EL.

akrwNPRE
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6. V(X)(x=Xx), Axiom E6.

7. X=X, 6and Axiom E4.

8. x=y— x=X,5and 7 by modus ponens.

9. x=y— y=x, 4 and 8 by modus ponens.

10. V)V (V) (X =y — y =X), 9 by generalization.
ged

Lemma22. V)V(Y)V@(X=y—> (Y=2— X=2)).
Proof: Let A(e, f) inAxiomE7 be f=z

Y(X) V(Y)(x=y— (x=z—>Yy=2),Axiom E7.

X=y—> (X=z—-y=2),1and Axiom E4.

Y(y) V(X) (y=Xx— x=Y), Lemma2.l.

y=x—Xx=Y, 3and Axiom E4.

y=X— (X=z—Yy=2),2and 4 by the Transitivity Theorem.
VYYW)VX)V(2(y=x— (X=z—y=12),5 by generalization.
VIVYV (2 (Xx=y — (Y= z— X = 2)), rename the variables.

Nogoh~wheE

ged

Lemma 2.3. Let P be aformula. We have V(X)V(Y)V(@[y=z— (P > x=Yy) - (P > X
=2)].

Proof: Let A(ar, p) betheformulaP — x = .

1. VY)WV@ly=z— (AY,Y) = A, 2)], Axiom E7.
2. y=z- (Aly,y) = A, 2)), 1 and Axiom E4. This formula can be written asy =
z—> (P> x=y) > (P> x=2).
3. VX)V(Y) V@ly=z— (P> x=Yy) > (P> x=2)], 2 by generalization.
ged

Lemma 2.4. Let P beaformula. We have P — P.

Proof:

P — (x=x— P), Axiom E1.

[P>(xX=x—P)] = [(P—>x=x)— (P— P)],Axiom E2.
(P—->x=x) - (P — P), 1and 2 by modus ponens.

X = X, Axiom EB6.

Xx=X— (P — x=x), Axiom E1.

P — x =X, 4 and 5 by modus ponens.

P — P, 3 and 6 by modus ponens.

NooapshwhpE

ged

3. THE APPLE LANGUAGE

The most intuitive definition of addition should be based on our common experi-
ence. In this section, we will base our definition of the addition of natural numbers on
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piles of apples. When we attempt to put two piles of apples together, we simply put all
the applesin a single pile, which should be the sum of the two piles. One way to put two
pilesinto a single pile is to take one apple out from the second pile, add the remaining
applesin the second pile to the first pile, and finally add the apple that was taken out ear-
lier to thefirst pile. Finally, the first pile is considered the sum of the two piles.

The APPLE language defined below is adapted from the well-known Peano arith-
metic system [5]. Axioms related to multiplication are omitted.

Definition. The language APPLE is a first-order language with equality that includes a
constant symbol @ (which isintended to stand for the constant 0), a unary function sym-
bol s (which isintended to stand for the successor function) and a binary function symbol
+ (which is intended to stand for generic addition). Axiom E8 should be stated as the
following axiom in APPLE:

AXiomAL V(X)V(Y) x=y — s(X) = S(y)).

We may think of aterm x in APPLE as a pile of apples. When the successor function
is applied to the term, the result s(x) can be viewed as adding one apple to the pile x.
Under this interpretation, the addition function can be defined by the following two axi-
oms:

AXiomA2. V(X)(X + @ = X).
AxiomA3. V(X)V(Y)(X + s(y) = S(X + V).

We need Axiom A4 to prevent atrivial interpretation. Axiom A5 is the usual mathe-
matical induction. Note that induction, though very helpful in many proofs, is a serious
constraint on the set of natural numbers. The induction axiom essentialy says that all
natural numbers can be represented as @ or s(x), where x is a natural number. No other
kinds of natural numbers exist.

Axiom A4. ¥ (X)(—(s(X) = 9)).
Axiom A5. A(@) — [V(X)(AX) — A(S(X)) — V(XA(X)], where Aisaformula.

Definition. Let F be a well-formed formulain APPLE. We say that +,F if and only if F
is provable from Axioms A1l through A5, E1 through E7 and the two inference rules 11
and 12.

Based on the above axioms, we can prove the following lemmas concerning AP-
PLE.

Lemma3.1. AV (Y) (@ +y=Y).
Proof: Let A(y) betheformula@ +y=y. Then A(@) is@ + @ = @.

1. 9+0=0,AxiomA2 (let x be @).
2. A@) = (VAKX — A(S(X)) = Y(X)(@ + x = X)), AXiom A5.
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Y (X)(AKX) = A(S(X))) = V(X)(@ + x = x), 1 and 2 by modus ponens.

@+ s(y) =5(@ +y), Axiom A3 (let x be @).

B+y=y—(s(@+y) =50 +y) > (@ +y) =s(y)), Axiom E7.
[D+y=y—>(sS@+Y)=s(@+Yy) >s@+y)=s(Y))| > [(@+y=y—>s(@+Yy) =
S@+y)) > @+y=y—s(@+y)=s(y))], Axiom E2.
@+y=y—>5@+y)=s5@+Yy) > @+y=y—>s@+Yy)=9(y),5and 6 by
modus ponens.

S@+y)=s@+y) > @+y=y— 0@ +Yy) =@ +Y)), Axiom EL.

S(@ +y) = (@ +y), Axiom E6.

@+y=y—s@+y)=9@ +Yy), 8and 9 by modus ponens.

d+y=y— 5@ +Yy)=9(y), 7and 10 by modus ponens.

@ +s(y) =s(@+y) > (S(@+Yy) =s(y) > @ +s(y) =s(y)), Lemma2.2.

S(@ +Y) =9(y) > @+ s(y) =9(y), 4 and 12 by modus ponens.

g+y=y— 0@ +9(y) =9(y), 11 and 13 by the transitivity theorem.

YW@ +y=y— @+ sy) =9(y)), 14 by generalization. This formula can be
written as V(X)(A(X) — A(S(X))).

Y (X)(@ + x=X), 3and 15 by modus ponens.

Lemma 3.2. k4 V(Y)(S(X) + Y = S(X +)).

Proof: Let A(a) bes(x) + o= s(x + ).

ged

CoNO~WDNPE

A@) = (Y(AY) = ASY))) = V(Y)A(Y)), Axiom AS.

S(X) + @ = s(x), AXiom A2.

X+ @ =% AxiomA2.

X+ @ =XxX— s(X+d)=5(x), AxiomALl.

S(x + @) = s(x), 3 and 4 by modus ponens.

S(X + @) = s(X) - s(X) = S(x + @), Lemma 2.1.

S(X) = s(x + @), 5 and 6 by modus ponens.

S(X) + @ =95(X) = (S(X) =s(x + B) = s(X) + F = s(x + @)), Lemma 2.2.
S(xX) + @ = s(x + @), 2, 7, and 8 by modus ponens. This formula can be written
as A(9).

V(AlY) = As(Y))) = V(¥)A(Y), 1 and 9 by modus ponens.

. X+ 8(y) =s(x+Y), AxiomA3.

X+ 8(y) = s(x +y) = s(x + s(y)) = s(s(x +y)), AxiomAL.

s(x + 5(y)) = s(s(x +y)), 11 and 12 by modus ponens.

S(X) + S(y) = S(s(x) +y), AxiomA3.

S(X) +y=s(x+y) = s(s(x) +y) = s(s(x +y)), AxiomAL

S(X) +y =X +Yy) = s(X) + S(y) = §(s(x +Y)), 14 and 15 by Lemma 2.4.

S(X) +y=9s(x +y) = s(X) + s(y) = S(x + §(y)), 13 and 16 by Lemma 2.4. This
formula can be written as A(y) — A(S(Y)).

YY) (A(Y) = A(s(Y))). 17 by generalization

Y (Y)A(Y), 10 and 18 by modus ponens.



WHY Is1+1 =2? 431

Lemma 3.3. FaV(X)V(Y) (S(X) + Yy =S(X +)).

Proof: Lemma 3.3 can be obtained directly from Lemma 3.2 by generalization.
ged

Lemma 3.4. FaV(X)V(Y)(X + S(Y) = S(X) + V).

Proof: Lemma 3.4 can be obtained directly from Axiom A3 and Lemma 3.3.
ged

Lemma 3.5. + iscommutétive, that is, Fa V)V (Y)(X +y =y + X).

Proof: Let A(X) betheformulaV(y)(x+y=y +X).

@+y=y, Lemma3.l

y+ @ =y, AxiomA2.

y=y+@,2by LemmaZ2.l.

P+y=y—>(y=y+@—>0+y=y+0), Lemma2.2.

@+y=y+@,1,3, and 4 by modus ponens.

Y(y)(@ +y=y+@),5 by generalization. This formula can be written as A(9).
A@) = (VX)AX) = A(S(X))) = Y(X)A(X)), Axiom A5.

Y(X)(AX) = A(S(X))) = V(XA(X), 6 and 7 by modus ponens.

©NoOOhAWNE

We will need to prove V(X)(A(X) — A(s(X))), which can be written as V(X)(V(y)(x +

y=y+Xx) - V(Y)(S(X) +y =y + s(X)). Thisformulais obtained in line 20 bel ow.

9. s(x) +y=s(x+y), Lemma3.3.

10. y + 5(x) = s(y + X), Axiom A4.

11. s(y + x) =y + 5(x), 10 by Lemma 2.1.

12. x+y=y+x— s(x+y) =5y +Xx), AXiomALl.

13. Xx+y=y+x— s(x+y)=y+9(x), 11 and 12 by Lemma 2.3.

14. x+y=y+x—s(X) +y=y+5(X), 9and 13 by Lemma 2.3.

15. V(y) x+y=y+X) > x+y=y+x, Axiom E4.

16. V(y)(x+y=y+X) > s(x) +y =y + 5(xX), 14 and 15 by the transitivity theorem.

17. VW[ V(Y)(x+y=y+X) = s(X) + y=y + 5(X)], 16 by generalization.

18. VW[V(X+y=y+Xx) > s(X) +y=y+sX] = [VY)x+y=y+Xx) —
V(y)(s(x) +y =y +s(x))], Axiom ES.

19. V() (x+y=y+X) = V(Y)(s(X) + y=y + 5(X)), 17 and 18 by modus ponens.

20. VO)(VY)(x+y=y +X) = V(y)(s(X) + y =Yy + 5(X))), 19 by generalization. This
formula can be written as V(X)(A(X) — A(S(X))).

21. V(X)A(X), 8 and 20 by modus ponens. This formula can be written as V(X)V(y) (x
+y=y+X).

ged

Lemma3.6. A VX)VY)WV@X=y—>X+z=y+2).

Proof: Let A(2) bethe formulax=y — x + z=y + z. We will use the induction axiom to
provethat V(2)[x=y — x+ z=y + Z] (at line 16 below).
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X+ @ =X, AXiomA2.

y+@ =y, AXiomA2.

X=y—X=y, Lemma24.

X=y—->X+@=y+@,1,2 and 3by Lemmas 2.3 and 3.5.
This formula can be written as A(@).

A©) — (V(D(A@D) — A(S(2)) = Y(2A(2)), Axiom A5.

Y (2(A(2) = A(s(2)) — Y(2A(2), 4 and 5 by modus ponens.

Next we will prove that V(2)(A(2) — A(S(2)) (in line 15 below).

7.
8.
9.

10.

11.
12.

13.
14.
15.

16.
17.

ged

X+ 5(2) = s(x + 2), AXiom A3.

y +5(2) = s(y + 2), AXiom A3.

X+z=y+2z—s(X+2)=s(y+2), AxiomAl.
X+z=y+z-5Xx+92=y+952,7 8 and 9 by Lemma 2.3. We will use P to
represent this formulain this proof.

P— (x=y— P), Axiom EL.

X =y — P, 10 and 11 by modus ponens. This formula can be written asx =y —
(x+z=y+z—>x+5(2) =y+92).
[X=y—>(X+z=y+z5x+5(2)=y+52)] = [(x=y>x+z=y+2) > (x=
y — x+9(2) =y + 5(2))], Axiom E2.

X=y—-oXx+z=y+2) > (X=y—> X+ 952 =y+9(2), 12 and 13 by modus po-
nens. Thisformula can be written as A(2) — A(S(2).

Y(2(A(2 — A(s(2)), 14 by generalization.

Y (2A(2), 5 and 15 by modus ponens.

YX)VY)V(9(x=y — x+z=Yy+ 2), 16 by generalization.

Lemma3.7. -FaV(X)V(Y)V(D(X=y > z+X=2+Y).

Proof: By Lemmas 2.3, 3.5 and 3.6.

ged

Lemma 3.8. + isassociative, that is, -FAV(X)V(Y)V(D((x +y) + z=x+ (y + 2)).

Proof: Let A(2) be the formula(x +Yy) + z=x + (y + 2). We will use the induction axiom
to prove that V(2A(2)(in line 22 below). Then we will use the generalization rule to
prove the lemma.

N~ WNE

A@) — (V(2(A(2 — A(s(2)) — V(2A(2), Axiom A5.
(x+y)+@=x+y,AXiomA2.

y+@ =y, AXiomA2.

y+@=y—>X+(y+0)=x+y, Lemma3.7.

X+ (y + @) =x+y, 3and 4 by modus ponens.
X+(y+0@)=x+y—>xX+y=x+(y+0), Lemma2.l.
X+y=x+(y+@),5and 6 by modus ponens.

(X+ty)+@=x+y—> (X+ty=x+(y+0) > (X+y)+ @=x+(y+0)), Lemma
2.2.
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9. (x+y)+@=x+(y+9),2 7, and 8 by modus ponens. This formula can be
written as A(9).
10. V(29(A(2 — A(s(2))) — Y (2A(2), 1 and 9 by modus ponens.

We will next prove that V(2)(A(2) — A(s(2)) (in line 21 below).

11. (x+Yy) +9(2) =s((x +y) + 2), AXiom A3.

12. y+9(2) = (y + 2), Axiom A3.

13. y+s(2=s(y+2 - X+ (y+52)=x+5y+2, Lemma3.7.

14. x+ (y+5(2) =x+ sy + 2), 12 and 13 by modus ponens.

15. x+8(y+2) =s(x+ (y +2), AxiomA3.

16. x+(y+8(2)) =x+s(y+2 » (x+s(y+2) =s(x+(y+2) = x+(y+2) = s(x
+(y+2)), Lemma2.2.

17. x+ (y+s(2) =s(x + (y + 2)), 14, 15 and 16 by modus ponens.

18. (x+y)+z=x+(y+2 > s((X+y)+2 =s(x+(y+2)),AxiomAL

19. (x+y)+z=x+(y+2) > (xX+y) +3(2 =s(x+ (y + 2), 11 and 18 by Lemma
2.3.

20. x+y)+z=x+(y+2 > (xX+y)+s(2 =x+(y+5(2), 17 and 19 by Lemma
2.3. Thisformula can be written as A(2) — A(s(2)).

21. Y(9[A(@ — A(s(2))], 20 by generdlization.

22. VY(2A(2), 10 and 21 by modus ponens.

23. VVW)V(D((x+y) +z=x+ (y + 2)), 22 by generalization.

ged

Note that we have adopted the conventional notation in order to omit certain paren-
theses. For instance, x + y =y + x isan abbreviation for ((x +y) = (y + X)).

4. THE DECL LANGUAGE

Now we want to define the language DECL for decimal addition. This languageis a

first-order language with equality. First we need to include the ten constants 0,1, 2, 3,
4,5,6,7,8,9, which represent the ten decimal digits used in the decimal addition.

A decimal numeral, such as 538, is considered an abbreviation of the term (5t 3)
> 8)in the DECL language, where > is a new binary function symbol. Intuitively, a
term such as5t> 3is intended to denote the natural number 5 x 10 + 3. The function

symbol > isthe basis of the decimal notation.

Definition. A decimal numeral is either one of the ten decimal digits or has the form (&
> d), where ezisa(simpler) decima numeral and d isadecimal digit.

Obvioudly, the set of all decimal numerals is a proper subset of the set of al the
terms in DECL. For instance, the term 61> (31>5) is not a decimal numeral, though it
is equivalent to one. Though we are only concerned with the arithmetic of decimal nu-
merals, it is more convenient to consider all the terms of DECL.

In decimal notation, leading zeros are useless and may be omitted. We will use the
following axiom to erase leading zeros:
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Axiom D1. V(2)((0a) = ).

We will use the function symbol @ to denote traditional addition of decimal numer-
als. Note that @ is not the same as + used in APPLE in that @ is applied to terms of
DECL whereas + is applied to terms of APPLE.

To add two decima numerals such as 538 and 217, the traditional agorithm essen-
tially computes ((5=3) =>8) @ ((2>1)7), where the new function symbol @ is de-
fined by the following axiom. Let ¢, £, % and ¢ denote arbitrary terms of DECL:

Axiom D2. V(a)V(OV (DY () ((a=P) @ (y=0) = (a® P=(LD 9)).

Because adding two large digits, such as7 and 8, may result in a carry, we need one
axiom to process the carry:

Axiom D3. V(V(AV()(e=(B=) = (@ ®f) =)).

We a'so need to define how to add two decimal digits. We need the following axiom,
which is the addition table of decimal digits:

AxiomD4. 0®0=0. 0®1=1. 0®2=2. 0®3=3. 0®4=4. 0®5=5
0®6=6. 007=7. 0©8=8. 0©9=9. 1®0=1. 1®©1=2.
1®2=3. 1®3=4. 1®4=5. 1©5=6. 1®6=7. 1®7=8.
1®8=9. 1®9=1>0. 200=2. 2@®1=3. 2@®2=4. 2®3=5.
2®4=6. 205=7. 2@®6=8. 2@7=9. 2®8=110.
2®9=1r1. 3®0=3. 3®1=4. 3®2=5. 3®3=6. 3®4=7.
3®5=8. 3®6=9. 3®@7=1>0. 3®8=1>1. 3®@9=1p>2.
4®0=4. 4®1=5. 402=6. 4®3=7. 4®4=8. 4®5=0.
4096=10. 4®7=1>1. 4®8=1>2. 4®9=1>3. 5®0=5.
5®1=6. 5@2=7. 5®3=8. 5®4=9. 5®5=110.
5®6=1>1. 50@7=1>2. 5@8=1>3. 5®9=1-4. 6®0=6
6@1=7. 6®2=8. 603=9. 604=1>0. 6®5=1p1.
6@®6=1>2. 6@®@7=1>3. 6@®8=1p4. 6@®9=1>5. 7/®0="7.
7®1=8. 7®2=9. 7®3=1>0. 7®4=1>1. 7®5=1p> 2.
7®6=1>3. 7®7=1p4. 7®8=1p5. 7®9=1>6. 8®0=8.
8®1=9. 8®2=1>0. 8®3=1>1. 8®4=1>2. 8®5=1> 3.
8®6=1r4. 8®7=1>5. 8®8=1r6. 8®9=1>7. 9®0=9
9®1=10. 9®2=1p1. 903=1>2. 904=1>3. 9®5=1>4.
9®6=1>5 9®7=1-6. 9®8=1>7. 9®9=1p 8.

Axioms D1 through D4 capture our intuitive, but rather vague, understanding of
decimal addition. For the DECL language to be useful in deriving formal proofs, we also
need an induction axiom. The induction axiom for DECL, which is stated in Axiom D5,
is based on the number of digits of a decimal numeral.

Axiom D5. A(0) — (A(1) — (A(2) = (A3) = (A(4) — (A(B) = (A(B) = (A(T) >
(A8) = (A(9) = [V(a)(Ale) = Aa> 0)) — (V(a)(A(e) — Aa > 1))
= (V(0A(0) = Ala > 2)) = (V(a)(Aa) = Ala> 3)) = (V(a)(Ala) =
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Ala> 4) — (V(a)(Ala) = Ala > B)) - (V(a)(Ala) = Ala> 6)) —
(V(e)(Al@)) Ala > 7)) = (V(e)(Ala) = Alar> 8)) = (V(a)(Ala) =
Aa > 9)) = V(a) Ala))))MNN))-

Theinduction axiom for DECL is also a constraint on the set of decimal numerals. It
states that every term of DECL is equivalent to a decimal numeral, which is either a
decima digit or has the form a > d, where ris a (Ssmpler) decima numeral and d is a
decimal digit.

Note that the function t is not associative; for example, (3> 4) > 5 (which is in-
tended to denote the natural number 345) is not equivalent to 3> (4> 5) (which is in-
tended to denote the natural number 75). The latter term is equivalent to 7 > 5 according
to Axioms D3 and D4. Specifically, the following formulais not atheoremin DECL:

V(@)V(BYN@ > B)>7=a> (B> 7))

In summary, a term in DECL may be a decimal digit, a variable, or may have the
form a>for a® B, where ovand S are terms of DECL.

Definition. Let F be awell-formed formulain DECL. We say that 5 F if and only if F is
provable from Axioms D1 through D5, E1 through E7 and the two inference rules |1 and
12.

We will need the following lemma in the proof of the completeness property in the
next section.

Lemma 4.1,V () (a® 0= ).

Proof: We can prove this lemma with the induction axiom. Let A(c) be the for-
mulac®0 =«

1. A(0) - (A(1) = (A2) = (A(3) = (A(4) — (A(B) — (A(B) — (A(7) — (A(8) -
(AQ9) = [V(e)(Alx) > Al > 0)) = (V(e)(Ala) —» Ala > 1)) = (V(a)(Ala) —
A > 2)) = (V()(Ae) —» Al > 3)) — (V(a)(Ala) > Aa > 4)) — (V(a)(Ala)
— Na>5)) = (V(a)(Ale) — Ala> 6)) = (V(@)(Ala) = Na> 7)) — (V(e)(Ae)
— N> 8)) - (V(@)(Al@) - Aa>9)) = Y(a) A))D)))))))). Axiom DS.
0@® 0=0, Axiom D4. This formula can written asA(O).
1®0=1, Axiom D4. This formula can written asA(l).
2® 0= 2, Axiom D4. This formula can written asA(2).
3® 0= 3, Axiom D4. This formula can written asA(3).
4@ 0= 4, Axiom D4. This formula can written asA(4)
5@ 0= 5, Axiom D4. This formula can written asA(5).
6® 0 =6, Axiom D4. This formula can written as A(6).

® 0 =7, Axiom D4. This formula can written as A(7).
10 8® 0 =8, Axiom D4. This formula can written asA(8)
11. 9@ 0=9, Axiom D4. This formula can written as A(9).

12. V(a)(A@) — Alar> 0) = (V(a)(Ale) — Aler> 1)) — (V() (Ale) Aler > 2))

©CoOoNUA~WN
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V(a)(Al@) — Al > 3)) - (V(a)(Aa) » Na> 4) - (V(e)(A@) Al > 5) -
V(o) (Aler) > Al > 6)) - V()(Alx) > Al > 7)) - (V()(Alx) Al > 8)) -
Y(a)(Ala) = Alar> 9)) - (V@) (A 1, 2,3,4,5,6,7,8,9, 10, and 11
by modus ponens.

Next we want to prove that V(2)(A(e) — A(ar>0))(in line 25 below).

13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.

24,

25.

0> 0=0, Axiom D1.

(a>0)®0= (> 0)® 0, Axiom ES.

((ZDO)@O (0{>0)@(O|>O) 13 and 14 by Axiom E7.

(0(>0)@(0|>0) (a®0)> (0@ 0), Axiom D2.

0®0=0, Axiom D4.

(o> 0)@(0[> 0)= (0(@0)>0 16 and 17 by Axiom E7.

(0(l>0)@0 (a(-BO)|>0 15 and 18 by Axiom E7.
(a>0)®0=(a2®0)>0—>[a®0=a— (o> 0)®0=(a®0) > 0], Axiom EL.
a®0=a— (a>0)®0=(a®0)> 0,19 and 20 by modus ponens.
a®0=a—[(ar0)®0=(ax®0)>0— (o> 0)® 0= 0], Axiom E7.
[0®0=a— (a>0)®0=(¢®0)>0] > [a®0=a— (a>0)®0=a> 0], 22
by Axiom E2.

a®0=0— (ar>0)®0=a> 0,21 and 23 by modus ponens. This formula
can be written as A(r) — A(a: > 0).

V(o)(A(x) — Al > 0)), 24 by generdlization.

By a similar argument (from line 13 to line 25), we can derive the following formu-

lae:

26.
27.
28.
29.
30.
31
32.
33.
34.
35.

V(o)(A(r) = Al > 1)), similar to line 13 through line 25.
V(o) (A(r) = Al > 2)), similar to line 13 through line 25.
V(o)(A(r) — Al > 3)), similar to line 13 through line 25.
V(o) (A(x) = Al > 4)), similar to line 13 through line 25.
V(o)(A(x) = Ale > 5)), similar to line 13 through line 25.
V(o)(A(x) = Ale > 6)), similar to line 13 through line 25.
V(o) (A(r) = Al > 7)), smilar to line 13 through line 25.
V(o) (A(x) — Ale > 8)), similar to line 13 through line 25.
V(e)(Aler) = Al > 9)), similar to line 13 through line 25.
V() A@), 12, 25-34 by modus ponens. This formula can be written as V(o)(«
®0=a).

5. SOUNDNESSAND COMPLETENESS OF THE DECL LANGUAGE

Now that we have finished our formalization of the decimal addition method, we
need to show that the decimal addition method is correct in the sense that there is a map-
ping M from the terms of DECL to the terms of APPLE under which DECL is sound and
complete.

Definition. Let o and S be two terms of DECL. Let M be a mapping from the terms of
DECL to the terms of APPLE. We say that Fp,, &= Sif and only Fa M[c] = M. We
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say that -p o= gif and only if the well-formed formula (o = f) is provable from Axioms
D1 through D5, E1 through E7 and the two inferencerules 11 and | 2.

The main result of this paper is the following theorem. The first conclusion of the
theorem is concerned with the soundness property, while the second conclusion is con-
cerned with the completeness property. Note that soundness and completeness is estab-
lished through the same mapping, M.

Theorem (Soundness and Completeness Theorem of DECL). There is a mapping M
from the terms of DECL to the terms of APPLE such that (1) +p (o ®f) = yimplies |-
(@ ®B) =% (2) Fou(a®P) = yimplies o (o ®f) = ¥, where ¢, B, and yare decima
numerals.

In order to prove the soundness and completeness theorem, we will first define the
mapping M. Though we only need to consider the case where the domain of M is the set
of decimal numerals, it is more convenient to enlarge the domain of M to include al the
terms of DECL. Since a term is one of the ten decimal digits or a variable, or it has the
form (o> p) or (o ® p), where v and S are terms, the mapping M can be defined induc-
tively by the following eleven equations:

M [g] =0

M[1] =(2)

M[2] =(5(2))

M[3] =(s(s(2)))

M[4] = S(s(s(s(2))))

M[5] = S(S(s(5(s(9)))))

M[6] = S(S(s(S(s(s(2))))))

M 7] = S(S(S(S(s(s(s(9)))))))

M[8] = S(S(S(S(S(S(s(s(2))))))))

M[9] = S(S(S(S(S(S(S(S(s(2)))))))))

M[ ] = o, where erisavariablein DECL (aswell asin APPLE).

Mo fl=Ma] + Ma] + Md] + Md] + Md] + M[d] + M[d] + M[d] + M[d]
+ Ma] + M

Ma® [l =Ma] + M[]

It should be obvious that the mapping M is a one-to-one, but not onto, mapping. For
instance, the terms s(x) (where x is a variable) and S(@ + @) are not in the range of M.
However, we can show that every term of APPLE is equivalent to another term of AP-
PLE that isin the range of the mapping M.

Lemma 5.1 Let t be aterm of APPLE. There exists another term s of APPLE such that
Fas =t and sisin the range of the mapping M.

Proof: A term t of APPLE may have one of the following four forms: @, x (where x is a
variable), s(w) (where w is a term), or w + u (where w and u are two terms). We will
prove thislemma by induction on the structure of t.
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If tis@ or avariable x, t is already in the range of the mapping M. In this case, we
may choose sto bet. We know that -,@ = @ and Fax = X by Axiom EB.

Suppose that t has the form s(w), where w is a simpler term. By the induction hy-
pothesis, we know that there is another w’ that is in the range of M, and that Faw =w'. In
this case, we will choose sto bew + s(@). We know that —as(w) = W + S(@).

Suppose that t has the form w + u, where w and u are two simpler terms. By the in-
duction hypothesis, we know that there are two termsw’” and u’ that are in the range of M,
and that Faw =W and Fau = U'. In this case, we may choose sto bew’ + u’. We know that
FaW+HU =W + U

This completes our inductive proof.
ged

We can extend the domain of the mapping M to the set of formulae of DECL. The
range of the extended M is a set of formulae of APPLE. The extension is as follows: Let
A and B be two formulae of DECL.

M= =M a] = M f], where wand S are terms of DECL.
M[—A] =~ M[A].

M[A — B] = M[A] - M[B].

MV (a)A] =V ()M[A].

Similarly, we say that }p ,F if and only if FaM[F], and that ~pF if and only if F is
provable from Axioms D1 through D5 and E1 through E7.

Lemma 5.2 Let G be a formula of APPLE. There exists another formula H of APPLE
such that -AG — H, -aH — G, and H isin the range of the mapping M.

Proof: H is obtained by replacing every term of G with an equivalent term that is in the
range of M. By Axiom E7, we know that -G — H and -aH — G.
ged

Based on the above definition of M, we will proceed to prove the soundness prop-
erty. The completeness property will be proved later.

5.1 Soundness
We will prove the soundness property in this subsection.

Lemma 5.3 Let o ®f = ybe an equation in Axiom D4. Then -aM[a] + M[F] = M[A.
(Hence, Fp ,ax®B=7)

Proof: We can verify the formulae in Axiom D4 one by one.
ged

Lemma5.4 Let F beaformulain DECL. Then +pF implies -aM[F].
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Proof: Assume that +pF. To derive +pF, we can use Axioms E1 through E7, D1 through
D5 and the inference rules. We will prove this lemma by induction on the length of the
derivation of +pF.

Base case. The length of the derivation is 1. This means that +pF must be one of Axioms
E1 through E7 or D1 through D5. If +pF is one of Axioms E1 through E7, obviously,
FaM[F] must also be one of Axioms E1 through E7. We need to verify Axioms D1
through D5.

For Axiom D1, we have M[V(2)((0> @) = )] =V(2)(0+ D +0+0+0+0 + @ +
@ +@+0+ a= ), which can be derived in APPLE.

For Axiom D2, we have M[V()V(AY (Y)Y () (> HD(y> 6) = (e ® P> (8D 9))]
=V(VOV(Y)V(D)(a+ o+ a+ o+t o+ o+t o+ a+ o+ a+ P+ (y+ y+ y+ y+ y+
rryrytyryrd)=(atpr(atPr(atPr(atP+(atP+(atP+(a+t)
t(a+pP+(a+ )+ (a+ )+ (B+ ). Thelast formula, though complicated, can be
derived easily because + in APPLE is commutative and associative.

For Axiom D3, we have MIV(V(OV(N(a > (B> ) = (¢ @ p) > J] =
Y(VOV()(a+ a+ o+ o+ o+ o+ a+a+a+a+ (B+ B+ [+ [+ B+ B+ [+ [
+B+B+P=(ax+P+(a+pP+(a+P+(a+ P+ (a+ P +(a+ P+ (a+ P+ (a+
P+ (a+ P+ (ax+ p) + 7). Thelast formula can be derived in APPLE because + in AP-
PLE is commutative and associative.

If -pF isan equation in Axiom D4, by Lemma 5.3, we know that FAM[F].

For Axiom D5, we have M[A(0) — (A(1) — (A(2) — (A(3) = (A(4) — (A(B) —
(A(B) = (A(7) = (A(8) = A(9) = [V(a)(Ale) = Al > 0)) — (Y(a)(Ae) = Al > 1))
= (V(a)(Al@) = Ala> 2)) = (V(2)(Ala) = Ala > 3)) = (V(a)(Ala) = Ala > 4)) —
(V(a)(Ala) = Ala> 5)) — (V(a)(Ale) = Ala > 6)) — (V(a)(Ale) - Ala>T)) —
(V(a)(A(@) — Al > 8)) — V() (Ale) — Alar> 9)) — (V(@)(A))N))N)N))] =
MAI(@) — (MAI(8(2)) — (MIAI(S(5(2))) — MAI(S(s(s(2)))) — MIAI(S(S(s(s(2)))))
— (MIAI(S(s(s(s(s(2)))))) = (MIAI(S(S(S(S(s(s(2))))))) — (MIAI(S(S(S(S(S(S((2))))))))
— (MA](S(S(S(S(s((s(s(2))))))))) — (MIAI(S(S(S(S(S(S(S(S(s(2))))))) — [V ()(MAI()
> MA(a+t o+ a+otat+ro+tat+r ot at+ ot ) - (V(QMA(a) > MA(a+
atotoatotototototots2) > V@QWMA(a) > MA(a+ a+ o+ a+
aotat+otat+ ot at+s99)) - (V(MAI(@) > MA(a+ o+ a+ o+ a+ o+
ot a+ o+ ot 9399)))) > V(QMA() > MAl(a+ o+ a+ o+ o+t a+ o+ o
+ a+ a+ 93(5(5(92)))) - (V((MAI(@) > MAl(e+ e+ a+a+atoat o+ at+ o
+ o+ S(S(s(s(5(9))))))) = (V(AYMAI() > MAl(a+ ot atatatat ot at+a+t
o+ (S(S((s(s(@))))) = (V(M[Al(a) > MAl(a+ o+ a+ at+tatatatata
+ o+ S(S(S(S((s(s(2))))))))) = (V(M[Al(a) > MAl(a+ e+ a+ atata+ata
+ ot o+ S(S(S(S(S(s(s(s(2))N)))) = (V(QMIAI(@) > MAl(a+ at atatat a+
o+ o+ a+ o+ S(AAS(S((2)))))N)) = Y(DA)))NNIN)))- The last for-
mula can be proved in APPLE. For the sake of brevity, we will not include the details
here.

Induction hypothesis. We may assume that +pF implies -y M[F] if the length of the deri-
vation of pF islessthan k, where k is a positive integer.

Induction step. Suppose that the length of the derivation of +pF is k. We need to show
that Ao M[F]. There are three subcases to consider:
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subcase 1. F isan axiom. This subcase is similar to the above base case.

subcase 2. F is obtained from two previous formulae G and G — F by the modus
pones inference rule. Because both formulae +,G and +HpG — F may be
derived in less than k steps, by the induction hypothesis, we have -FaM[G]
and -HyM[G — F]. Note that -aM[G — F] is the same as FaM[G] > M
[F]. Again, by the modus pones rule, we have FAM[F].

subcase 3. F is obtained from a previous formula by the generalization inference
rule. Thus, F must have the form V(a)G, where « is a variable. By the
above assumption, +pG can be derived in less than k steps. Therefore, by
the induction hypothesis, we have -a,M[G]. Again, by the generalization
rule, we have FAV (o) M[G], which is equivaent to HaM[V()G] and
FaM[F].

ged

Corollary. Let arand £ be any two terms of DECL. -por = fimplies -aM[ o] = M[A].

Note that the soundness property is a corollary to the above lemma. Therefore, we
have proved the soundness property. In what follows, we will prove the completeness

property.
5.2 Completeness

Note that every derivable formula K in APPLE (i.e. -aK) may have many different
derivations, the lengths of which may aso be different. First we choose a derivation Ky,
K,, ..., K of K. We call this derivation A. Then we augment A as follows: For every for-
mula K; in the derivation, if K; is not in the range of M, by Lemma 5.2, there is another
formula L; such that (1) —aK; — L, (2) FaLi — K|, and (3) L; isin the range of M. Fur-
thermore, L; can be derived from K; directly with Axiom E7 (by replacing the termsin K;
one after another). The derivation goes as follows:

1. Ki(9), dready proved (wheresisatermin K).

2. s=t, wheretisanother term that is equivalent to s and that is in the range of M.
Note that t exists by Lemma5.1.

3. s=t—[K{(s) — K(t)], Axiom E7.

4. Ki(s) — K;(t), 2 and 3 by modus ponens.

5. Ki(t), 1 and 4 by modus ponens.

We can repeat the above five steps for every term in K;. The final result is the de-
sired L.

For every formula K; in the original derivation A that is not in the range of M, we
add the derivation of L; (from K;) immediately after K; in the original derivation A. We
will call the result the augmented derivation of K.

Lemmab5.5. Let F beaformulain DECL. Then -oM[F] implies pF.

Proof: We will prove this lemma by induction on the length of an augmented derivation
of M[F] in APPLE.
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Base case. The length of the derivation of M[F] is 1. Then M[F] must be one of Axioms
E1 through E7 or Al through A5. If M[F] is an instance of Axioms E1 through E7, then
we have pF since Axioms E1 through E7 are also axioms of DECL. We need to verify
Axioms A1l through A5.

First notice that M[F] cannot be an instance of Axioms A1, A3, A4 or A5 because
M[F] cannot contain aterm of the form s(x). B

If M[F] has the form V(X) (x + @ = X), then F must have the form V(c) (« ® 0=a),
which has been proved as Lemma4.1.

Induction hypothesis. We may assume that the lemma holds for any formula F for which
the length of the derivation of M[F] in APPLE is less than k, where k is a positive inte-
ger.
Induction step. We need to prove that the lemma holds for any formula F such that the
length of the derivation of M[F] in APPLE is k. Suppose that the length of the derivation
of M[F] in APPLE isk.

There are three subcases to consider:

subcase 1. M[F] isan axiom. This subcase is similar to the above base case.

subcase 2. M[F] is obtained from a previous formula by the generalization infer-
ence rule. Thus, M[F] must have the form V(a)G, where ¢ is avariable.
Because V()G isin the range of M, so is G. In this subcase, there must
be aformulaG’” in DECL such that AM[G’] is G. By the above assumption,
+a M[G’] can be derived in less than k steps. Therefore, by the induction
hypothesis, we have -5 G’. Again by the generalization rule, we have p
V(e)G’, which is equivalent to +p F.

subcase 3. M[F] is obtained from two previous formulae G and G — M[F] by the
modus ponens inference rule.

subcase 3.1. First assume that G isin the range of the mapping M. Then thereis a
formula G" in DECL such that M[G’] is G. In this case, we can use an
argument similar to subcase 2 aboveto prove that +p F.

subcase 3.2. However, if G isnot in the range of the mapping M, by Lemma5.2, we
may find another formula H in APPLE such that -y G > Hand o H —
G and H isin the range of the mapping M. Due to our choice of the deri-
vation of M[F], H isalso in the derivation of M[F]. From -, G and -5 G
— H, we can obtain -5 H by the modus ponens rule. Similarly, from 5 H
— G and o G — M[F], we can obtain -, H — M[F] by the modus po-
nens rule. Therefore, we can say that M[F] is obtained from H and H —
M[F] by the modus ponens rule. Furthermore, H is in the range of the
mapping M. We can use the argument in subcase 3.1 to prove that +p F.

ged

Note that the completeness property is a corollary to the above lemma. Therefore,
we have proved the completeness property.

The crux of the above proof is that every formulathat isin the range of the mapping
M can be proved with the help of other formulae of APPLE that are also in the range of
M.
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6. EXTENSION TO OTHER NUMERICAL NOTATIONS

The DECL language deals with decima numerals. It should be obvious that the
above method can be applied to other similar systems, such as binary numerals, octal
numerals, and hexadecimal numerals.

We can also extend the method presented in this paper to other dissimilar systems,
such as Roman numerals. A key technique is to define a language (similar to DECL) that
covers the language of Roman numerals. Note that DECL is also a superset of the lan-
guage of decimal numerals. Then we can list several axioms for this language. The com-
pleteness and soundness properties of this system can be proved in a similar way. This
technique is applicabl e to the Chinese abacus numerals as well.

7. CONCLUSION

In this paper, we have carefully provided an axiomatic system for decimal addition
and proved the soundness and completeness of this system. Our method can be easily
generalized to other numeral systems.

May you sleep well tonight, with increased confidence in decimal addition and,
consequently, in al the artifacts built with decimal addition, which include, | guess, the
bed you sleep on.
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