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ソフトウェア論理
Logic in Computer Software

亀山幸義

筑波大学 コンピュータサイエンス専攻
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授業の流れ

前回まで:

ラムダ計算に基づく計算体系，再帰的関数の意味

型システムの導入，型を人手で推論する

プログラムを生成するプログラム

今回以降:

プログラム生成から Staging へ

進んだ話題
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課題

1. fact関数の型を導きなさい。(型判定 ` fact : int → int が導
ける。)
2. 項 λx . x x は型がつくか？(つかない。)

Γ ` x : σ → τ Γ ` x : σ
Γ ` x x : τ

(x : σ → τ) ∈ Γ
(x : σ) ∈ Γ
よって、σ → τ = σ
これは不可能。(解があるとしたら σ は無限に長い型となる)
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型検査と型推論

型検査問題

入力: Γ と e と τ

出力: Yes/No (Γ ` e : τ が導出可能かどうか)

C言語，Fortran, Java

型推論問題

入力: e

出力: 以下のいずれか
出力 1: Γと τ (Γ ` e : τ が導出可能)
出力 2: Failure

ML系の言語 (OCaml, SML, F#)，Scala, Haskell

参考: 静的な型システムを持たない言語は対象外
(Scheme/Lisp,Ruby,Perl,Phython,JavaScript,Scheme/Lisp)
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プログラム生成 (Program Generation)

How to represent programs (codes) as data ?

Strings

Data types for trees

Language support for code geneartion (Built-in data types)

(To dinstinguish two kinds of programs from each other, we write
“programs” for generating programs, and “codes” for generated
programs.)

This choice greatly affects the quality of programs and codes. (ease
of writing/understanding, reusability efficiency, reliability, etc.)
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Strings as codes (1)

A standard C-program for the power function (べき乗を求める関
数):

int power (int n, int x) {

if (n == 1) {

return x;

} else if (even(n)) {

return sqr(power(n/2,x));

} else {

return x*power(n-1,x);

}

)
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Strings as codes (2)

Suppose n is known now, and x is not known now. A generator for
the power function in C-like notation:

string gen_power1 (int n, string xs) {

if (n == 1) { return xs;

} else if (even(n)) {

return concat("sqr(", gen_power1(n/2,xs), ")");

} else {

return concat(xs, "*(", gen_power1(n-1,xs), ")");

}

}

string gen_power (int n) {

return

concat("int power (int x) { return(",

gen_power1(n, "x"), ");}");

}

assuming that concat does the right job.
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Strings as codes (3)

Inner product of vectors in C-like notation:

float ip (int n, float a[], float b[]) {

int i;

float sum = 0.0;

for (i = 0; i < n; i++) {

sum += a[i] * b[i];

}

return sum;

}
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Strings as codes (4)

Suppose n is known, a and b are not known. Generator for inner
product:

string gen_ip1 (int n, int idx, string as, string bs) {

if (idx == n) return "0.0";

else return

concat(as, "[", int_to_string(idx), "] * ",

bs, "[", int_to_string(idx), "] + ",

gen_ip1(n, idx + 1, as, bs));

}

string gen_ip (int n, string as, string bs) {

return

concat("float ip (int ", as, "[], int", bs, "[]) {"

"return ", gen_ip1(n, 0, as, bs), ";", "}");

}
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Strings as codes (5)

Sometimes, we want to generate more specialized code: Suppose n
and a are known, and b is not known.

string gen_ip1 (int n, int idx, float a[], string bs) {

if (idx == n) return "0.0";

else return

concat(float_to_string(a[idx]), " * ",

bs, "[", int_to_string(idx), "] + ",

gen_ip1(n, idx + 1, a, bs) );

}

string gen_ip (int n, float a[], string bs) {

return concat("float ip (int ", bs, "[]) {"

"return ", gen_ip1(n, 0, a, bs), ";", "}");

}
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Strings as codes (summary)

Evaluation:

(+) It can be done in almost all programming languages.

(+) So, we don’t have to learn more techniques.

(-) It needs a certain (boring) rewriting of the non-generating
version

(-) It is error prone, especially when we embed codes into
code (“splicing”)

(-) It is not composable; we cannot combine one generator
with internal variables “x” and “y”, and another generator
with internal variables “x” and “z”.

(-) Sometimes (or, often) the generated codes cannot be
compiled due to type errors or unbound variables.
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Data types for trees as codes (1)

Lisp/Scheme has trees as primitive data (“Symbolic expression” or
S-expression for short):

(+ 1 2) returns 3

’(+ 1 2) returns (+ 1 2)

(list (+ 1 2) (* 2 3)) returns 9

(list ’(+ 1 2) ’(* 2 3)) returns ((+ 1 2) (* 2 3))

Suitable for symbolic compuation (mathematical formulas, logical
formulas, programs, XML data, sentences in natural languages
etc.)

亀山幸義 ソフトウェア論理 Logic in Computer Software



.

.

Data types for trees as codes (2)

Power function in Scheme:

(define (power n x)

(if (= n 1) x

(if (even n)

(sqr (power (/ n 2) x))

(* x (power (- n 1) x)))))
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Data types for trees as codes (3)

Generator for Power function in Scheme:

(define (gen_power1 n xs)

(if (= n 1) xs

(if (even n)

(list ’sqr (gen_power1 (/ n 2) xs))

(list ’* xs (gen_power1 (- n 1) xs)))))

(define (gen_power n)

(list ’define ’(power x)

(gen_power1 n ’x)))

Slightly better than the “strings as codes” approach.
Still splicing is problematic.
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Data types for trees as codes (4)

(from the previous slide)

(define (gen_power n)

(list ’define ’(power x)

(gen_power1 n ’x)))

Generator for Power function in Scheme using quasi-quotation:

(define (gen_power n)

‘(define (power x)

,(gen_power1 n ‘x)))

Can represent splicing neatly.

Quasi-quotation is like quotation, but allows splicing.
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Data types for trees as codes (5)

Evaluation:

(+) Better syntax. Ease of writing and understanding. Much
less error-prone.

(+) No overhead; runs in exactly the same speed as the one
without quasi-quotation (it is just an input-macro).

(-) Programming language (or its preprocessor) must support
it.

(-) Still not composable; we cannot combine one generator
with internal variables “x” and “y”, and another generator
with internal variables “x” and “z”.

(-) Sometimes (or, often) the generated codes cannot be
compiled due to unbound variables.
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Language support (built-in data types) (1)

Power in OCaml (a dialect of ML):

let rec power n x =

if n=1 then x

else if (even n) then

sqr (power (n / 2) x)

else x * (power (n-1) )
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Language support (built-in data types) (2)

Generator for Power:

let rec gen_power1 n xs =

if n=1 then xs

else if (even n) then

‘(sqr ,(gen_power1 (n / 2) xs))

else ‘(,xs * ,(gen_power1 (n - 1) xs))

let gen_power n =

‘(fun x -> ,(gen_power1 n ‘x))
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Language support (built-in data types) (2’)

Generator for Power:

let rec gen_power1 n xs =

if n = 1 then xs

else if (even n) then

<sqr ~(gen_power1 (n / 2) xs)>

else <~xs * ~(gen_power1 (n - 1) xs)>

let gen_power n =

<fun x -> ~(f n <x>)>

Intuitively: <a b c> is ’(a b c) and <a ~b c> is ’(a ,b c)

Then, we have:

gen_power 3 <x>

-> < ~<x> * ~(gen_power 2 <x>) >

-> < x * ~(<sqr ~(gen_power 1 <x>)>) >

-> < x * ~(<sqr ~(<x>)>)>

-> < x * ~(<sqr x>)>

-> < x * (sqr x)> 亀山幸義 ソフトウェア論理 Logic in Computer Software .

Language support (built-in data types) (3)

But why is it better than Lisp/Scheme ?
Support for types.

Types give a certain reliability of generator.

Types give a certain reliability of generated codes,

AND it ensures “no free variables” in generated codes.

Errors:
x + 1, <x + 1>, <3.0 + 1> <~x + 1>

Ok: <fun x -> x + 1>, fun x -> <~x + 1>,
fun x -> <fun y-> ~x + y + 1>,
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Language support (built-in data types) (4)

Type for codes

if e is type int, then < e > is of type int code.

In general, if e has type T , then < e > is of type T code.

If e has type T code, then ~e is of type T .

Types for gen_power1:

let rec gen_power1 n xs =

if n = 1 then xs

else if (even n) then

.<sqr .~(gen_power1 (n / 2) xs)>.

else .<.~xs * .~(gen_power1 (n - 1) xs)>.

n is of type int, xs is of type int code.
the return type of the generator is int code.
then the generator has type
int -> (int code) -> (int code).
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まとめ

コードを「単なる文字列データ」としてしまうと，何のサ
ポートもない．

「コードを生成するプログラム」をプログラム言語でサポー
トする仕組み．

Staging: 型システムにより、コードの信頼性を高める仕組み。

演習: 以下の関数の型を考えよ。(型がつかないものもある)

<fun x -> x+10> or ‘(lambda (x) (+ x 10))

<fun x -> ~x +10> or ‘(lambda (x) (+ ,x 10))

fun y -> <fun x -> ~y +10> or

(lambda (y) ‘(lambda (x) (+ ,y 10)))

fun f -> <fun x -> ~(f <x+10>)> or

(lambda (f) ‘(lambda (x) ,(f ‘(+ x 10))))
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