
RICS RS-05-38B
Basic Re

search i
BnC om

puterRS
 cienceIC

S
B i
i

e nr a c k a & Da vn y :: A ynS
A

S
yn

ta
ct

ic
C

or
re

sp
on

de
nc

e
be

tw
ee

n
actit

C
on

te
xt

-S
en

si
tiv

e
C

a
lc

u
li

an
d

c oC
A

bs
tr

ac
t

M
ac

hi
ne

s
r



esponr d e n ec eb t w ene ontexC
MOlaiv

łgieorr
D zaatn

avB yie
rnacka

t
- S e n is it ev C a l c u l i
i

a d An
B

R
IC

S
R

 e
p
o
rt

S
 e

ri
e
s
R

S
-0

5
-3

8
stb

IS
S

N
09

09
-0

87
8

D
ec

em
be

r
20

05
ar c t M a hc



i
i n se C
op

yr
ig

ht
?c

20
05

,
M

ał
go

rz
at

a
B

ie
rn

ac
ka

&
O

liv
ie

r
D

an
vy

.
B

R
IC

S
,

D
 e

pa
rtm

en
t

o
f

C
om

pu
te

r
Sc

ie
nc

e
U

ni
ve

rs
ity

o
fA

ar
hu

s.
A

ll
rig

ht
s

re
se

rv
ed

.

R
ep

ro
du

ct
io

n
o
f
a

ll
o

r
pa

rt
o
f

th
is

w
or

k
is

pe
rm

itt
ed

fo
r

ed
uc

at
io

na
l

o
r

re
se

ar
ch

us
e

on
co

nd
iti

on
th

at
th

is
co

py
rig

ht
no

tic
e

is
in

cl
ud

ed
in

an
y

co
py

.

Se
e

b 
ac

k
in

ne
r

pa
ge

fo
r

a
lis

t
of

re
ce

nt
B

R
IC

S
R

ep
or

t
S

er
ie

s
pu

bl
ic

at
io

ns
.

C
op

ie
s

m
ay

be
ob

ta
in

ed
by

co
nt

ac
tin

g:

B
R

IC
S



D
ep

ar
tm

en
t

o
f

C
om

pu
te

r
Sc

ie
nc

e
U

ni
ve

rs
ity

of
 A

ar
hu

s
N

y
M

un
ke

ga
de

,
bu

ild
in

g
54

0
D

K
–8

00
0

A
ar

hu
s

C
D

en
m

ar
k

Te
le

ph
on

e:
+4

5
89

42
33

60
T

el
ef

ax
:

+4
5

89
42

32
55

In
te

rn
e
t:

B
R

IC
S

@
br

ic
s.

dk

B
R

IC
S

pu
bl

ic
at

io
ns

ar
e

i n
ge

ne
ra

l
ac

ce
ss

ib
le

th
ro

ug
h

th
e

W
o
rl
d

W
id

e
W

eb
an

d
an

on
ym

ou
s

F
T

P
th

ro
ug

h
th

es
e

U
R

Ls
:

h
tt

p
:/

/w
w

w
.b

ri
c

s
.d

k
ft

p
:/

/
ft

p
.b

ri
c

s
.d

k
T

hi
s

do
cu

m
en

t
in

su
bd

ire
ct

or
y

R
S

/
0

5
/

3
8
/

A
Sy

nt
ac

tic
Co

rre
sp

on
de

nc
e

be
tw

ee
n

Co
nt

ex
t-S

en
sit

ive
Ca

lcu
li

an
d

Ab
st

ra
ct

Ma
ch

ine
s



M
a

 l
g

o
rz

a
ta

B
ie

rn
a
c
k
a

a
n
d

O
li
v
ie

r
D

a
n

v
y

BR
IC

S∗
D

e
p
a
rt

m
e
n
t

o
f

C
o
m

p
u
te

r
S

ci
e
n
ce

U
n
iv

e
rs

it
y

o
f

Aa
rhu

s†

D
e
c
e
m

b
e
r

2
7

,
2
0
0
5

A
b

s
tr

a
c
t

W
e

pr
es

en
t

a
sy

st
em

at
ic

co
ns

tr
uc

tio
n

o
f

en
vi

ro
nm

en
t-

ba
se

d
ab

st
ra

ct
m

ac
hi

ne
s

fr
o
m

co
nt

ex
t-

se
ns

iti
ve

ca
lc

ul
i

of
ex

pl
ic

it
su

bs
tit

ut
io

ns
,

an
d

w
e

ill
us

tr
at

e
it

w
ith

te
n

ca
lc

ul
i

an
d

m
ac

hi
ne

s
fo

r
ap

pl
ic

at
iv

e
or

de
r

w
ith

an
ab

or
t

op
er

at
io

n,
no

rm
al

or
de

r
w

ith
ge

ne
ra

liz
ed

re
du

ct
io

n
an

d
ca

ll/
cc

,
th

e
la

m
bd

a-
m

u-
ca

lc
ul

us
,

de
lim

ite
d

co
nt

in
ua

tio
ns

,
st

ac
k

in
sp

ec
tio

n,
pr

op
er

ta
il-

re
cu

rs
io

n,
an

d
la

zy
ev

al
ua

tio
n.

M
os

t
of

th
e

m
ac

hi
ne

s
al

re
ad

y
ex

is
t

b
u

t
ha

ve
be

en
ob

ta
in

ed
in

de
pe

nd
en

tly
an

d
ar

e
on

ly
in

di
re

ct
ly

re
la

te
d

to
th

e
co

rr
es

po
nd

in
g

ca
lc

ul
i.

A
ll

of
th

e
ca

lc
ul

i
ar

e
ne

w
an

d
t h

ey
m

ak
e

it
po

ss
ib

le
t o

di
re

ct
ly

re
as

on
ab

ou
t

th
e

ex
ec

ut
io

n
of

th
e

co
rr

es
po

nd
in

g
m

ac
hi

ne
s.

In
co

nn
ec

tio
n

w
ith

th
e

fu
nc

tio
na

l
co

rr
es

po
nd

en
ce

be
tw

ee
n

ev
al

ua
tio

n
fu

nc
tio

ns
an

d
ab

st
ra

ct
m

ac
hi

ne
s

in
iti

at
ed

by
R

ey
no

ld
s,

th
e

pr
es

en
t

sy
nt

ac
tic

co
rr

es
po

nd
en

ce
m

ak
es

it
po

ss
ib

le
to

co
ns

tr
uc

t
re

du
ct

io
n-

fr
ee

no
rm

al
iz

at
io

n
fu

nc
tio

ns
ou

t
of

re
du

ct
io

n-



ba
se

d
on

es
,

w
h

ic
h

w
as

a
n

o
p

e
n

p
ro

b
le

m
in

th
e

ar
ea

o
f

n
o
rm

a
liz

a
tio

n
b
y

e
va

lu
a
tio

n
.

R
e
vi

se
d

v
e

rs
io

n
o

f
B

R
IC

S
R

S
-0

5
-2

2
.

∗B
as

ic
R

es
ea

rc
h

in
C

om
pu

te
r

S
ci

en
ce

(w
ww

.b
ri
c
s

.d
k)

,
fu

nd
ed

by
th

e
D

an
is

h
N

a
tio

n
a
l

R
es

ea
rc

h
F

ou
nd

at
io

n.
†I

T
-p

a
rk

e
n
,

A
ab

og
ad

e
34

,
D

K
-8

20
0

A
ar

hu
s

N
,

D
en

m
ar

k.
E

m
a
il:

{m
bi

er
na

c
,d

an
vy

}@
br

ic
s

.d
k



i

C
on

te
nt

s
1

In
tr

o
d
u
c
ti
o
n

1
1.

1
C

al
cu

li
an

d
m

ac
hi

ne
s

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
1

1.
2

C
al

cu
li

of
ex

pl
ic

it
su

bs
tit

ut
io

ns
an

d
en

vi
ro

nm
en

t-
ba

se
d

m
ac

hi
ne

s
.

.
.

.
.

.
2

1.
3

C
al

cu
li

o
f

ex
pl

ic
it

su
bs

tit
ut

io
ns

fo
r

co
m

pu
ta

tio
na

l
ef

fe
ct

s
an

d
en

vi
ro

nm
en

t-
ba

se
d

m
ac

hi
ne

s
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
2

1.
4

O
ve

rv
ie

w
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

2

2
P

re
lim

in
a
ri
e
s

3
2.

1
R

ed
uc

tio
n

se
m

an
tic

s
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

3
2.

2
C

on
te

xt
-s

en
si

tiv
e

re
du

ct
io

n
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

3
2.

3
O

ur
ba

se
ca

lc
ul

us
of

cl
os

ur
es

:
λ ρ

b
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
4

3
T

h
e

Oλ
b ρ

uAr
- bc

aas
lec

uc 
alu

lcsu
5

3T.
1h

A λbρ
rAe

d-c
uac

tlci
uon

lu
us

se
m

an
tic

s
fo

r
ap

pl
ic

at
iv

e
or

de
r

an
d

ab
or

t
.

.
.

.
.

.
.

.
.

.
.

.
6

3 λ.b
ρ 1A

.1-
Dl

ce
uc

olu
m

sp
os

itio
n

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

7
3.

1.
2

C
on

te
xt

-s
en

si
tiv

e
co

nt
ra

ct
io

n
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
7

3
.1

.3
P

lu
g

g
in

g
.

.
.

.
.

.
.

.
.

.
.



3.
1.

4
O

ne
-s

te
p

re
du

ct
io

n
.

.
.

.
.

3.
1.

5
R

ed
uc

tio
n-

ba
se

d
ev

al
ua

tio
n

3.
2

A
pr

e-
ab

st
ra

ct
m

ac
hi

ne
.

.
.

.
.

.
3.

3
A

st
ag

ed
ab

st
ra

ct
m

ac
hi

ne
.

.
.

.
.

3.
4

A
n

ev
al

/a
pp

ly
ab

st
ra

ct
m

ac
hi

ne
.

.
3.

5
T

ra
ns

iti
on

co
m

pr
es

si
on

.
.

.
.

.
.

.
3.

6
A

n
en

vi
ro

nm
en

t
m

ac
hi

ne
.

.
.

.
.

.
3.

7
C

or
re

ct
ne

ss
.

.
.

.
.

.
.

.
.

.
.

.
.

3.
8

C
on

cl
us

io
n

.
.

.
.

.
.

.
.

.
.

.
.

.

4
T

h
e

λ 
bρ

K
-c

al
cu

lu
s

T4.
1h

Tλb
ρ hK

e
-lac

nag
lcuu

algu
es

of
λ ρ

bK
.

.
.

.
.

.
.

.
.

.



T4.
2h

Tλ Nρ
bh oK

eti-ol 
acnan

oglcf
uu

calg
oun

este
 ofx

tλ -
ρ bs

eKn
s. it

. iv.
 e

r.e
.d 

u. 
c. 

ti. 
on

.
..

4.
3

TKh
riev

il na
ne’

gsu
ma

gae
cho

 ifn
e λ

ρ.
K.

..
..

..
..

..
..

..
..

..
..

4.
4

Fo
rm

al
co

rr
es

po
nd

en
ce

.
.

.
.

.
.

.
.

.

5
T

he
λ 

bρ
µ-

ca
lc

ul
us

5T.
1h

Tλb
ρ hµ

e
lcaa

nlg
cuu

alg
ues

of
λ ρ

bµ
.

.
.

.
.

.
.

.
.

.
T5.

2h
T λNh

bρ oµ
eti-ol 

canan
logcfu

uc
algo

une
ste 

ofxλ
 t-s

ρ b
eµn

s. it
. iv.

 e
r.e

.d 
u. 

c. 
ti. 

on
.

..
5.

3
ATh

ne
eelv

 aa
nlg/

uap
apg

leyo
afb

λ s
 bρ

trµa
c. t

.m
a. 

c. h
i .n

.e
..

..
..

..
5.

4
Fo

rm
al

co
rr

es
po

nd
en

ce
.

.
.

.
.

.
.

.
.

6
D

e
lim

ite
d

co
n
tin

u
a
tio

n
s

6.
1

Th
e

λ 
bρ

S-
ca

lcu
lu

s
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

8



.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
8

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
8

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
8

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
10

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
11

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
11

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
12

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
12

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
12 13

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
13



..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
13

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
14

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
14 1
4

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
15

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
15

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
15

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
16 1
6



.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
17

T6
.1h

.e1
TSh

-ce
a

llca
unl

guu
sa 

g.e
.

o .
f.

λ. ρ
b S

.
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

17
T6

.1h
.e2

TST
hh-c

eea
lleca

vun
alul

g/us
aap

 .gp
e .ly

 o. /
fm. 

λ  .e
ρ bS

t. a-
. . a

p. . 
p. . 

ly..
a.  

.b .
s .t 

r ..a
 . .c

t..
m . 

.a.  
.c .h

 .i n
. .e.

.
...

...
...

...
...

...
...

...
...

...
...

...
...

17
6.

1.
3

NT
hoe

tiol
 na

n
gof

u
acg

one
teo

 fxt
 λ-

sρ 
bS

ens
. it 

.iv.
 e

.re
. d

. u
c. 

ti. 
on

.
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
18

6.
1.

4
F

or
m

al
co

rr
es

po
nd

en
ce

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

18
6.

1.
5

T
he

C
P

S
hi

er
ar

ch
y

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

18
6.

2
T

he
λ 

bρ
F-

ca
lc

ul
us

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
19

T6
.2h

.e1
TFh

-ce
a

llac
nug

luu
sa 

g.e
.

o .
f.

λ. ρ
b F

.
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

19

ii

6.
2.

2
N

ot
io

n
of

co
nt

ex
t-s

en
si

tiv
e

re
du

ct
io

n
.

.

6.
2.

3
Th

e
ev

al
/a

pp
ly

ab
st

ra
ct

m
ac

hi
ne

.
.

.
.

6.
2.

4
Fo

rm
al

co
rre

sp
on

de
nc

e
.

.
.

.
.

.
.

.
.

.
6.

2.
5

A
hi

er
ar

ch
y

of
co

nt
ro

l
de

lim
ite

rs
.

.
.

.
6.

3
C

on
cl

us
io

n
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.



7
S

ta
c
k

in
s
p
e
c
ti
o
n

7
.1

T
h

e
λ 

ρb
se

c-
ca

lc
ul

us
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.

T7
.1h

.e1
T

h
e

la
ng

ua
ge

o 
f

λ ρ
bs

ec
.

.
.

.
.

.
.

.
.

.

T7
.1h

.e2
NT

hoe
tiol

 na
n

gof
u

ac
og

en
t o

efx
 tλ

-ρ
 sb

en
sit

ive
re

d
u

ct
io

n
.

.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

19
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
20

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

20
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
20

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

20



22
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
22

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

22
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
22

7.
1.

3
ATh

ne
eel

v a
anl

g/u
apa

pgl
eyo

afb
λ s

ρtb
 ra

ct
m

ac
hi

ne
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
23

7.
1.

4
F

or
m

al
co

rr
es

po
nd

en
ce

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

23
7.

2
P

ro
pe

rly
ta

il-
re

cu
rs

iv
e

st
ac

k
in

sp
ec

tio
n

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
23

7.
2.

1
T

he
st

or
el

es
s

cm
m

ac
hi

ne
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
24

7.
2.

2
T

he
un

de
rly

in
g

ca
lc

ul
us

λ bρ
scm

ec
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
24

7.
3

St
ate

-b
Ta

sh
ed

e
upn

rod
pee

rlry
lyin

gta
ci la

-lrc
euc

ulu
rss

ivλ 
ρe 

b
st

ac
k

in
sp

ec
tio

n
.

.
.

.
.

.
.

.
.

.
.

.
.

.
25

7.
3.

1
TTh

hee
uun

nzd
iep

rply
edi

n
gst

c o
are

lclu
esls

u
scλ

 m
ρ b

m
ac

hi
ne

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
25

7.
3.

2
T

he
la

ng
ua

ge
of

λρb
 us

ecc
m

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

26
7.

3.
3

NT
hoe

tiol
 na

n
gof

u
ac

og
en

t o
efx

 tλ
-ρ 

sb
en

sit
ive

re
du

ct
io

n
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
26

7.
3.

4
FTo

hre
ml 

aan
l

cgo
ura

rge
esp

o o
fnλ

 dρ
 be

nce
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
27



7.
4

C
o

n
cl

u
si

o
n

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

2
7

8
A

c
a
lc

u
lu

s
fo

r
p

ro
p

e
r

ta
il
-r

e
c
u
rs

io
n

2
7

8
.1

A
si

m
p

lif
ie

d
ve

rs
io

n
o
f

C
lin

ge
r’

s
a

b
st

ra
ct

m
a
ch

in
e

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
27

8
.2

T
h
e

la
n

g
u

a
g

e
o

f
λ 

ρ
bp

tr
.

.
.

.
.

.
.

.
.

8
.3

NT
ho

eti
ol 

na
n

go
fu

ac
og

en
t o

ef
x t

λ-
ρ

 sb
en

sit
ive

re
d

u
c
ti
o

n
.

8
.4

FT
oh

rem
l a

an
l

cg
uo

arr
ge

es
po

 of
nλ

 dρ
 be

nc
e

.
.

.
.

.
.

.
.

.

9
A

la
z
y

c
a

lc
u

lu
s

o
f

c
lo

s
u
re

s

9
.1

T
h
e

la
n

g
u

a
g

e
o

f
λ ρ

bl
.

.
.

.
.

.
.

.
.

.

9
.2

NT
ho

eti
ol 

na
n

go
fu

ac
og

en
t o

ef
x t

λ-
ρ

 sb
en

sit
ive

re
d

u
c
ti
o

n
.

9
.3

AT
hn

e
eelv 

aanl
g/ua

papg
leyo

afb
λ s

ρ
tb 

ra
ct

m
a
ch

in
e

.
.

.
.

9
.4

F
o
rm

a
l

c
o
rr

e
s
p
o
n
d
e
n
c
e

.
.

.
.

.
.

.
.

.

1
0

C
o

n
c
lu

s
io

n





ii
i

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
28

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
28

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
28 2
9

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
29



.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
2
9

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
2
9

..
..

..
..

..
..

..
..

..
..

.
3

0

3
0

1
In

tr
od

uc
tio

n
H

ow
do

es
on

e
co

ns
tru

ct
a

ne
w

se
m

an
tic

ar
tif

ac
t?

1
.1

C
a

lc
u

li
a
n
d

m
a
c
h
in

e
s

S
ix

ty
-f

iv
e

ye
ar

s
ag

o,
th

e
λ-

ca
lc

ul
us

w
as

in
tr

od
uc

ed
[1

5]
.

F
or

ty
-f

iv
e

ye
ar

s
ag

o,
its

ex
pr

es
si

ve
po

w
er

w
as

ob
se

rv
ed

to
be

re
le

va
nt

fo
r

co
m

pu
tin

g
[6

7,
81

].
F

or
ty

ye
ar

s
ag

o,
a

fir
st

ab
st

ra
ct

m
ac

hi
ne

fo
r

th
e

λ-
ca

lc
ul

us
w

as
in

tr
od

uc
ed

[6
1]

.
T

h
ir
ty

ye
ar

s
ag

o,
ca

lc
ul

i
an

d
ab

st
ra

ct
m

ac
hi

ne
s

w 
er

e
fo

rm
al

ly
co

nn
ec

te
d

[7
0]

.
T

w
en

ty
ye

ar
s

ag
o,

a
ca

lc
ul

us
fo

rm
a
t—

re
d
u
ct

io
n

se
m

an
tic

s—
w

ith
an

ex
pl

ic
it

re
pr

es
en

ta
tio

n
of

re
du

ct
io

n
co

nt
ex

ts
w

as
in

tr
od

uc
ed

[4
0]

.
T

o-
da

y
ca

lc
ul

i
an

d
ab

st
ra

ct
m

ac
hi

ne
s

ar
e

st
an

da
rd

to
ol

s
to

st
ud

y
pr

og
ra

m
m

in
g

la
ng

ua
ge

s.
G

iv
en

a
ca

lc
ul

us
,

it
is

by
no

w
a

st
an

da
rd

ac
tiv

ity
to

de
si

gn
a

co
rr

es
po

nd
in

g
ab

st
ra

ct
m

ac
hi

ne
an

d
to

pr
ov

e
its

co
rr

ec
tn

es
s

[4
2]

.



F
ro

m
ca

lc
u
lu

s
to

m
a
ch

in
e

b
y

re
fo

cu
si

n
g

a
n
d

tr
a
n
s
it
io

n
co

m
p
re

ss
io

n
:

R
ec

en
tly

,
D

an
vy

an
d

N
ie

ls
en

ha
ve

po
in

te
d

ou
t

th
a

t
th

e
re

du
ct

io
n

st
ra

te
gy

fo
r

a
ca

lc
ul

us
ac

tu
al

ly
de

-
te

rm
in

es
th

e
st

ru
ct

ur
e

o
f

th
e

co
rr

es
po

nd
in

g
m

ac
hi

ne
[3

6]
.

T
he

y
pr

es
en

t
a

m
et

ho
d

fo
r

co
ns

tr
uc

tin
g

an
ab

st
ra

ct
m

ac
hi

ne
ou

t
o

f
a

re
du

ct
io

n
se

m
an

tic
s

sa
tis

fy
in

g
th

e
un

iq
ue

-
de

co
m

po
si

tio
n

pr
op

er
ty

.
In

su
ch

a
re

du
ct

io
n

se
m

an
tic

s,
a

no
n-

va
lu

e
te

rm
is

re
du

ce
d

by

1.
de

co
m

po
si

ng
it

(u
ni

qu
el

y)
in

to
a

re
de

x
an

d
its

co
nt

ex
t,

2.
co

nt
ra

ct
in

g
th

e
re

de
x,

an
d

3.
pl

ug
gi

ng
th

e
co

nt
ra

ct
um

in
to

th
e

re
du

ct
io

n
co

nt
ex

t,

yi
el

di
ng

a
ne

w
te

rm
.

A
re

du
ct

io
n-

ba
se

d
ev

al
ua

tio
n

fu
nc

tio
n

is
de

fin
ed

us
in

g
th

e
re

fle
xi

ve
an

d
tr

an
si

tiv
e

cl
os

ur
e

o
f

th
e

on
e-

st
ep

re
du

ct
io

n
fu

nc
tio

n:
◦

◦
◦

FFFdFFeF
cFoFmF#

#pose
xxpxlxux

gxxxx;;
FFFdFFeF

cFoFmF#
#pose

xxpxlxux
gxxxx;;

FFFdFFeF
cFoFmF#

#pose
◦
/
/

◦
◦
/
/

◦
◦
/
/

co
nt

ra
ct

co
nt

ra
ct

co
nt

ra
ct

D
an

vy
an

d
N

ie
ls

en
ha

ve
ob

se
rv

ed
th

at
th

e
in

te
rm

ed
ia

te
te

rm
s,

in
th

e
co

m
po

si
tio

n
of

pl
ug

an
d

de
co

m
po

se
,

co
ul

d
be

av
oi

de
d

by
fu

si
ng

th
e

co
m

po
si

tio
n

in
to

a
‘r

ef
oc

us
’

fu
nc

tio
n:

◦
◦

◦

FFFdFFeF
cFoFmF#

#pose
xxpxlxux

gxxxx;;
FFFdFFeF

cFoFmF#
#pose

xxpxlxux
gxxxx;;

FFFdFFeF
cFoFmF#

#pose
_
_
_
_
 
/
/
#
#

◦
/
/

◦
x
_

_
_

_
_

_
_

_
 
/
/
#

#
◦
/
/

◦
x
_

_
_

_
_

_
_

_
 
/
/
#

#
◦
/
/



co
nt

ra
ct

re
fo

cu
s

co
nt

ra
ct

re
fo

cu
s

co
nt

ra
ct

T
he

re
su

lti
ng

‘r
ef

oc
us

ed
’

ev
al

ua
tio

n
fu

nc
tio

n
is

de
fin

ed
as

th
e

re
fle

xi
ve

an
d

tr
an

si
tiv

e
cl

os
ur

e
of

re
fo

cu
si

ng
an

d
co

nt
ra

ct
io

n.
T

he
re

fo
cu

s
fu

nc
tio

n
ta

ke
s

th
e

fo
rm

of
a

st
at

e-
tr

an
si

tio
n

fu
nc

tio
n,

i.e
.,

an
ab

st
ra

ct
m

ac
hi

ne
.

T
he

re
fo

cu
se

d
ev

al
ua

tio
n

fu
nc

tio
n

th
er

ef
or

e
al

so
ta

ke
s

th
e

fo
rm

o
f

an
ab

st
ra

ct
m

ac
hi

ne
.

C
om

pr
es

si
ng

its
in

te
rm

ed
ia

te
tr

an
si

tio
ns

(i.
e.

,
sh

or
t-

ci
rc

ui
tin

g
th

em
)

yi
el

ds
ab

-
st

ra
ct

m
ac

hi
ne

s
th

at
ar

e
of

te
n

in
de

pe
nd

en
tly

kn
ow

n:
fo

r
ex

am
pl

e,
fo

r
th

e
pu

re
λ

-c
al

cu
lu

s
w

ith
no

rm
al

or
de

r,
th

e
re

su
lti

ng
ab

st
ra

ct
m

ac
hi

ne
is

a
su

bs
tit

ut
io

n-
ba

se
d

ve
rs

io
n

o
f

th
e

K
riv

in
e

m
ac

hi
ne

(i.
e.

,
a

pu
sh

/e
nt

er
m

ac
hi

ne
);

fo
r

th
e

pu
re

λ
-c

al
cu

lu
s

w
ith

ap
pl

ic
at

iv
e

or
-

de
r,

th
e

re
su

lti
ng

ab
st

ra
ct

m
ac

hi
ne

is
Fe

lle
is

en
et

al
.’

s
C

K
m

ac
hi

ne
(i.

e.
,

an
ev

al
/a

pp
ly

m
ac

hi
ne

)
.

R
ef

oc
us

in
g

ha
s

al
so

be
en

ap
pl

ie
d

to
th

e
te

rm
la

ng
ua

ge
o

f
th

e
fre

e
m

on
oi

d,
yi

el
di

ng
a

re
du

ct
io

n-
fr

ee
no

rm
al

iz
at

io
n

fu
nc

tio
n

[2
6]

,
an

d
to

co
nt

ex
t-

ba
se

d
C

P
S

tr
an

sf
or

-
m

at
io

ns
,

im
pr

ov
in

g
th

em
fr

om
qu

ad
ra

tic
tim

e
to

op
er

at
in

g
in

on
e

pa
ss

[3
6]

.

1

1
.2

C
a

lc
u

li
o
f

e
x
p

li
c
it

s
u
b
s
ti
tu

ti
o
n
s

a
n

d
e

n
v
ir
o

n
m

e
n

t-
b

a
s
e

d
m

a
-

c
h

in
e

s

T
w

en
ty

ye
ar

s
ag

o,
C

ur
ie

n
ob

se
rv

ed
th

at
w

hi
le

m
os

t
ca

lc
ul

i
us

e
ac

tu
al

su
bs

tit
ut

io
ns

,
m

os
t

im
pl

em
en

ta
tio

ns
us

e
cl

os
ur

es
an

d
en

vi
ro

nm
en

ts
[2

2]
.

H
e

th
en

de
ve

lo
pe

d
a

ca
lc

ul
us

o
f

cl
os

ur
es

,
λρ

[2
3]

,t
he

re
by

la
un

ch
in

g
th

e
st

ud
y

o
f

ex
pl

ic
it

su
bs

tit
ut

io
ns

[1
,2

4,
51

,6
5,

75
].

F
ro

m
ca

lc
u
lu

s
to

m
ac

hi
ne

b
y

re
fo

cu
si

n
g
,

tr
a
n
s
it
io

n
co

m
p

re
ss

io
n

,
a

n
d

cl
o

su
re



u
n

fo
ld

in
g

:
R

ec
en

tly
,

w
e

ha
ve

ap
pl

ie
d

th
e

re
fo

cu
si

ng
m

et
ho

d
to

λ ρ
b,

a
m

in
im

al
ex

te
ns

io
n

o
f

λρ
w

he
re

oR
ne

ec
ec

na
tnl

y
e,

x w
pe

rh
e 

sa
sv

esia
 np

glp
eli-

set
dep

t h
eco

r m
efo

pcu
tua

stin
iog

nm
 s;

wt
 he

o
dad

t do
eλ d

bρ
,aa

n
mu

inn
fiom

lda
ilng

e x
stte

nep
s

oto
n

m
ak

e
th

e
ma

cR
he

inc
ee

otlp
ye,

raw
 tee

hna
ovte

o an
p

pa
l

celd
o s

tuh
ree

 ,r
bfo

uct
u

os
in

n
ga

mte
ertm

ho
dan

t do
iλ tρ

sb
,en

 av
m i

rion
nim

ma
enl

et
[t8e

].n
Wio

ne
ha

ve
sh

ow
n

ho
w

λ ρ
b

w
ith

le
ft-

to
-r

ig
ht

ap
pl

ic
at

iv
e

or
de

r
di

re
ct

ly
co

rr
es

po
nd

s
to

th
e

C
E

K
mh

aav
ceh

si n
heo

w[4
n3]

,h
ohw

ow 
λ

ρλbb
ρ  w

wi
tih

thl
enf

ot-r
tmo

-arl
i

goh
rtde

 arp
dpl

iric
eac

ttily
ve

eco
 orr

dre
ers

pd 
oni

red
cs

lto
y

tch
oer

Kes
rpiv

oin
nde

s
mt 

oac
t hh

ien
eC

[E2
0K

,
2hm3

aav]
,c

hh sio
nhwe

ow
4λn3ρ

 b],h
w oh

woitw
h λ

λρge
ρ bw

 nw i
etriha

thl lie
zn fe

otd-r
t

more
-ardl

iugo
 hcrt

tdioa
e nrp

ddlii
ricer

eact
tclitv

lyye
ocoo

rrdrr
eere

srps
d op

niord
nesc

dtslt
yoto

tc
otreh

rK ee
rpoir

oviin
gndie

nsa m
t lo

oavc
t ehh

riesn
ieoC 

n [E
K0o

,f
K2m

3ar]i
c,vhh

 iinon
ewe’

s
4mλ 

3ρb a
]c,w 

hh io
intwe

h
[ λg5 9

bρ e]n
n,

airtn
ahld

iz
nheo

odwr
mr

eλadb
ρ lu

uwoc
ritdtih

oenr
nrrd 

igd ih
irertc

e-ctt
tloly-

ylec 
foc t

ro
rarer

pesp
pslio

pcno
adnt

idsvs
et o

otoot
r hdt 

eehrK
e

eKdr
i oirv

reicig
ntieln

yam
mcla

o vc
rehre

rissn
pieo

on[ n
2do 

0fs,
Kt2o

3r
it,vh

hie n
eZw’

IsNm
 λ Cρ

 ab
ahw 

biisn
tehtr

[ ag 
5c9e

tn
,me a

rana
cdlih

zh ie
ndoe

w
r[6λe 

4 dbρ
]ρ.u w

cAitt
ilhol

norifg
dt

hirht
ee-tc

sote
-l

ylme
fa ctc

o ah
rrpie

npse
lipsc

aan
trid

evs
see 

nto o
vrdir

 teho
rne m

dio r
eren

igctt
i-nlb

yaac
 sleo

v drr
e

aress
nipdo

on
nnu

dos
 se

f

Kclo
rsiv

uirn
ees

’.s

1
.3

C
a

lc
u

li
o
f

e
x
p
li
c
it

s
u
b
s
ti
tu

ti
o
n
s

fo
r

c
o

m
p

u
ta

ti
o

n
a

l
e

ff
e

c
ts

a
n
d

e
n

v
ir
o

n
m

e
n

t-
b

a
s
e

d
m

a
c
h

in
e

s

T
w

en
ty

ye
ar

s
ag

o,
Fe

lle
is

en
in

tr
od

uc
ed

re
du

ct
io

n
se

m
an

tic
s—

a
ve

rs
io

n
o

fs
m

al
l-s

te
p

op
er

a-
tio

n
a
l

se
m

an
tic

s
w

ith
an

ex
pl

ic
it

re
pr

es
en

ta
tio

n
o

fr
ed

uc
tio

n
co

nt
ex

ts
—

in
or

de
r

to
pr

ov
id

e
ca

lc
ul

i
fo

r
co

nt
ro

l
an

d
st

at
e

[4
0,

43
].

In
th

es
e

ca
lc

ul
i,

re
du

ct
io

n
ru

le
s

ar
e

no
t

ob
liv

io
us

to
th

ei
r

re
du

ct
io

n
co

nt
ex

t;
on

th
e

co
nt

ra
ry

,
th

ey
ar

e
co

nt
ex

t
s 

en
si

tiv
e

in
th

at
th

e
co

nt
ex

t
ta

ke
s

pa
rt

in
so

m
e

re
du

ct
io

n
st

ep
s,

e.
g.

,
fo

r
ca

ll/
cc

.
R

ed
uc

tio
n

se
m

an
tic

s
ar

e
in

w
id

e
us

e
to

da
y,

e.
g.

,
to

st
ud

y
th

e
se

cu
rit

y
te

ch
ni

qu
e

o
f

st
ac

k
in

sp
ec

tio
n

[1
6,

47
,7

1]
.

F
ro

m
ca

lc
u
lu

s
to

m
ac

hi
ne

b
y

re
fo

cu
si

n
g

,
tr

a
n
s
it
io

n
co

m
p

re
ss

io
n

,
a

n
d

cl
o

su
re

u
n
fo

ld
in

g
:

In
th

is
ar

tic
le

,
w 

e
ap

pl
y

th
e

re
fo

cu
si

ng
m

et
ho

d
to

co
nt

ex
t-

se
ns

iti
ve

ex
te

n-
si

on
s

o
f

λ ρ
b

ac
co

un
tin

g
fo

r
a

va
rie

ty
o

f
co

m
pu

ta
tio

na
l

ef
fe

ct
s.

W
e

pr
es

en
t

te
n

ca
lc

ul
i

o
f

csli
oos

nus
ro e

sf
λaρ

n bd
a

tcc
heo

cno
trin

reg
spf

 oo
nrd

a in
v g

a
rein

evt
yiro

 on
fmc

 oe
nm

tp-
ubt

asa
etd

io
nm

aal
ce 

hffi
enc

ets
s.

.W
W 

hea
tp

rise
sse

ing
ntit

 fei
cna

nc 
ta

lhc
uer

lie
oisf



sthi
oan

ts
e o

afc
hλ

ρm
 aa

ccc
hoin

uen
iisn

gm
 feo

rch
a a

nv 
ica

aril
elty

y
d o

efri
vc 

oed
m

pfru
otm

at
ton

hea
lco

e fr
fere

cst
pso

.nW
 din

egp
rce

asle
cnu

tlu 
tse

n(in
c s

atle
cua

dli
oof

f
de

si
gn

ed
an

d
th

en
pr

ov
ed

co
rr

ec
t)

an
d

al
so

th
a

t
ea

ch
m

ac
hi

ne
di

re
ct

ly
co

rr
es

po
nd

s
to

th
is

ca
lc

ul
us

(in
st

ea
d

of
in

di
re

ct
ly

vi
a

an
‘

un
loa

d’
fu

nc
tio

n
at

th
e

en
d

o
f

ea
ch

ru
n

[7
0]

or
vi

a
a

co
m

pi
la

tio
n

/
de

co
m

pi
la

tio
n

sc
he

m
e

in
th

e
co

ur
se

of
ex

ec
ut

io
n

[5
1]

).

1
.4

O
v
e
rv

ie
w

W
e

su
cc

es
si

ve
ly

co
ns

id
er

ca
ll

by
na

m
e:

K
riv

in
e’

s
m

ac
hi

ne
w

ith
ca

ll/
cc

(S
ec

tio
n

4)
an

d
th

e
λµ

-c
al

cu
lu

s
(S

ec
tio

n
5)

;
ca

ll
by

va
lu

e:
st

at
ic

an
d

dy
na

m
ic

de
lim

ite
d

co
nt

in
ua

tio
ns

(S
ec

tio
n

6
),

st
ac

k
in

sp
ec

tio
n

(S
ec

tio
n

7)
,

an
d

pr
op

er
ta

il-
re

cu
rs

io
n

(S
ec

tio
n

8)
;

an
d

ca
ll

by
ne

ed
(S

ec
tio

n
9)

.
To

w
ar

ds
th

is
en

d,
w

e
fir

st
pr

es
en

t
th

e
λ 

bρ
-c

al
cu

lu
s

an
d

th
e

no
tio

n
bof

y
cn 

oen
etd

ex 
(tS

-se
ecn

tiso
itni

v 9
e)

.red
 Tu

ow
cta

iron
ds

( tS
hei

cste
 ion

nd
,2w

)
ean

f di
r

tthp
 en

re
sae

ndt
e tt

ahi
ele

 dλ
w-c

aal
lkcu

thlr
uos

ua 
gnh

d
f to

rh
ethn

 eo
λio 

bρn
-

cboy
falc c

 nou
enleu

tdes
xw (t

Si-tse
hcen

ais
oin

tn
iavb

9 e)o
.r ret

T
ouop

cwet
arioa

rndts
io(  n

tSh
e(iSc

steie
 ocnn

tdio,n
2 )w

w)3 a
e)n.

idTr
sht t

eh
srnu

ebsa
 sen

ed q
teu t

teha
nietl

e
dλre 

bρwp
 -cea

atlilkt
ctuiv

hleru
nsou

ea sg
snh

hod 
ff

otSrh
eect 

htn ie
ootnλ

 sio
n4-

oto
f

c9
(nla

tne
xgt

u-s
aeg

ne,
s

ntio
vte

ior 
ne

dou
fc

cto
ino

nte
 x(t

S-e
sce

tnis
oin

tiv 
2e)

r ae
ndd

uct
 thi

oen
n,

aab
d s

tert
aai

clte
dm

w a
cah

lkin
teh

,
aon

ugd
h

hfo
f ro

mra
t lh

ce
oλ

r r
ρ 

eb
--

sp
on

de
nc

e)
is

a
de

lib
er

at
e

fe
at

ur
e,

no
t

an
in

ad
ve

rt
en

t
pr

es
en

ta
tio

na
l

bu
g:

w
e

ap
pl

y
th

e
sa

m
e

si
m

pl
e

m
et

ho
d

to
m

an
y

si
tu

at
io

ns
th

at
ha

ve
be

en
se

pa
ra

te
ly

st
ud

ie
d

so
fa

r.
E

ac
h

o
f

th
es

e
se

ct
io

ns
ca

n
th

er
ef

or
e

be
re

ad
in

de
pe

nd
en

tly
o

f
th

e
ot

he
rs

.

2

2
P

re
lim

in
ar

ie
s

2
.1

R
e
d
u
c
ti
o
n

s
e

m
a

n
ti
c
s



A
re

du
ct

io
n

se
m

an
tic

s
[4

0,
42

]
co

ns
is

ts
o
f

a
gr

am
m

ar
o
f

te
rm

s
fr

om
a

so
ur

ce
la

ng
ua

ge
,

sy
nt

ac
tic

no
tio

ns
of

va
lu

e
an

d
re

de
x,

a
co

lle
ct

io
n

o
f

co
nt

ra
ct

io
n

ru
le

s,
an

d
a

re
du

ct
io

n
st

ra
te

gy
.

T
hi

s
re

du
ct

io
n

st
ra

te
gy

is
em

bo
di

ed
in

a
gr

am
m

ar
o
f

re
du

ct
io

n
co

nt
ex

ts
(t

er
m

s
w

ith
a

ho
le

as
in

du
ce

d
by

th
e

co
m

p
a
tib

ili
ty

ru
le

s)
an

d
a

pl
ug

fu
nc

tio
n

m
ap

pi
ng

a
te

rm
an

d
a

co
nt

ex
t

in
to

a
ne

w
te

rm
.

O
ne

-s
te

p
re

du
ct

io
n

o
f

a
no

n-
va

lu
e

te
rm

co
ns

is
ts

in

1.
de

co
m

po
si

ng
th

e
te

rm
in

to
a

re
de

x
an

d
a

re
du

ct
io

n
co

nt
ex

t,

2.
co

nt
ra

ct
in

g
th

e
re

de
x,

an
d

3.
pl

ug
gi

ng
th

e
co

nt
ra

ct
um

in
th

e
re

du
ct

io
n

co
nt

ex
t.

In
so

m
e

re
du

ct
io

n
se

m
an

tic
s,

no
n-

va
lu

e
te

rm
s

ar
e

un
iq

ue
ly

de
co

m
po

se
d

in
to

a
re

de
x

an
d

a
co

nt
ex

t.
D

ec
om

po
si

tio
n

ca
n

th
e
n

be
im

pl
em

en
te

d
as

a
fu

nc
tio

n
m

ap
pi

ng
a

no
n-

va
lu

e
te

rm
to

a
re

de
x

an
d

a
re

du
ct

io
n

co
nt

ex
t.

D
an

vy
an

d
N

ie
ls

en
ha

ve
sh

ow
n

th
a

t
to

ge
th

er
w

ith
th

e
un

iq
ue

de
co

m
po

si
tio

n
pr

op
er

ty
,

th
e

fo
llo

w
in

g
pr

op
er

ty
o 

f
a

re
du

ct
io

n
se

m
an

-
tic

s
is

su
ffi

ci
en

t
to

de
fin

e
a

de
co

m
po

si
tio

n
fu

nc
tio

n
by

in
du

ct
io

n
on

te
rm

s
an

d
re

du
ct

io
n

co
nt

ex
ts

[3
6,

F
ig

ur
e

2,
pa

ge
8]

:

P
ro

p
e
rt

y
1

.
F

or
ea

ch
sy

nt
ac

tic
co

ns
tr

uc
t

bu
ild

in
g

a
te

rm
ou

t
o
f
n

su
bt

er
m

s,
th

er
e

is
a

nu
m

be
r

0
≤
i

≤
n

an
d

a
f i

xe
d

tr
av

er
sa

l
or

de
r

o
f

su
bt

er
m

s
en

co
de

d
in

th
e

gr
am

m
ar

o
f

th
e

nre
udm

ucb
teir

on 
0

c≤o
ni t

e≤
 xtn

 s
af  o

nrd
th a

is f
cxo

end
st t

rrau
vce

tr
ssu

alc
oh

tdh
ear

t
othf

e s
uhb

otle
ersm

os
f

tehn
ecs

oed
cdo

n it
nex

t th
se

ar
e

pr
ec

is
el

y
tthh

ee
po

si
tio

ns
o
f

th
e
i

su
bt

er
m

s.
F

ur
th

er
m

or
e,

a
te

rm
w

ith
a
ll

th
e

ch
os

en
i

su
bt

er
m

s
re

du
ce

d
to

va
lu

es
is

ei
th

er
a

va
lu

e
o
r

a
po

te
nt

ia
l

re
de

x
(i
.e

.,
an

ac
tu

al
re

de
x

o
r

a
“s

tu
ck

te
rm

”
)

bu
t

no
t

bo
th

.

If
th

e
re

de
xe

s
do

no
t

ov
er

la
p,

th
e

co
nt

ra
ct

io
n

ru
le

s
ca

n
be

im
pl

em
en

te
d

as
a

fu
nc

tio
n.



2
.2

C
o

n
te

x
t-

s
e

n
s
it
iv

e
re

d
u
c
ti
o
n

T
ra

d
iti

o
n

a
l

sp
ec

ifi
ca

tio
ns

o
f

on
e-

st
ep

re
du

ct
io

n
as

th
e

co
m

pa
tib

le
cl

os
ur

e
o

f
a

n
o
tio

n
o

f
re

du
ct

io
n

pr
ov

id
e

a
lo

ca
l

ch
ar

ac
te

riz
at

io
n

o
f

a
co

m
pu

ta
tio

n
st

ep
in

th
e

fo
rm

o
f

a
re

de
x.

1
T

hi
s

lo
ca

l
ch

ar
ac

te
riz

at
io

n
is

no
t

fi
t

fo
r

no
n-

lo
ca

l
re

du
ct

io
ns

su
ch

as
on

e
in

vo
lv

in
g

a
co

nt
ro

l
op

er
at

or
ca

pt
ur

in
g

a
ll

its
su

rr
ou

nd
in

g
co

nt
ex

t
in

on
e

st
ep

,
o
r

a
gl

ob
al

st
at

e.
F

or
th

es
e,

on
e

ne
ed

s
a

n
o
tio

n
o

f
co

nt
ex

t-
se

ns
iti

ve
re

du
ct

io
n,

i.e
.,

a
bi

na
ry

re
la

tio
n

de
fin

ed
b

o
th

on
re

de
xe

s
an

d
o

n
th

e
ir

re
du

ct
io

n
co

nt
ex

t
in

st
ea

d
o

f
on

ly
on

re
de

xe
s

[4
0]

.
T

h
is

re
la

tio
n

is
gi

ve
n

by
co

nt
ex

t-
se

ns
iti

ve
co

nt
ra

ct
io

n
ru

le
s

o
f

th
e

fo
rm

hr
,

C
i

→

hc
0,

TCh
0iis

,
r w

ehl
aet

rieo
nhr

i,
sCg

 ii
vde

enn
ob 

tye
s

toh
net

xdt
e-c

soe
mn

spi
ots

ivie
tioc

 no
not

fr
a

pr
og

ra
m

sin
o tf

o
a

epo
f to

ern
mti

a h
lr

,r e
Cd

iex
→

r
ha

cn
d

its
i

,co
 wn

hte
exr

te
Ch

r,.
A

on
e-

st
ep

re
du

ct
io

n
re

la
tio

n
fo

r
a

gi
ve

n
n
o
tio

n
o

f
co

nt
ex

t-
se

ns
iti

ve
re

du
ct

io
n

is
de

fin
ed

as
fo

llo
w

s:
A

pr
og

ra
m

p
re

du
ce

s
in

on
e

st
ep

to
p 0

if
de

co
m

po
si

ng
p

y 
ie

ld
s

hr
,

C
i,

re
du

ci
ng

hr
,

C
i

yi
el

ds
hc

0,
C

0i
,

an
d

pl
ug

gi
ng

c0
in

to
C

0
yie

lid
fs 

d
ep 0

c.o
AC

ico
y n

iet
led

xst
-h 

sce
ns

itiiv
,ea

arn
edd

up 
clu

tiog
ngi

inm
gp

 cl
ici

tly
as

su
m

es
a

de
co

m
po

si
tio

n
of

th
e

en
tir

e
pr

og
ra

m
,

an
d

th
er

ef
or

e
it

ca
nn

ot
be

us
ed

lo
ca

lly
.

O
ne

w
ay

to
re

co
ve

r
co

m
p

a
tib

ili
ty

in
th

e
co

nt
ex

t-
se

ns
iti

ve
se

tti
ng

is
to

ad
d

ex
pl

ic
it

lo
ca

l
co

nt
ro

l
de

lim
ite

rs
to

th
e

la
ng

ua
ge

(s
ee

S
ec

tio
n

6
fo

r
an

ill
u

st
ra

tio
n

)
.

F
or

a
la

ng
ua

ge
w

ith
o

u
t

ex
pl

ic
it

co
nt

ro
l

de
lim

ite
rs

(a
s

th
e

λ 
bρ

-c
al

cu
lu

s
wfo

rith
a

nca
i lll

l/uc
stc

r)
,a

ttio
hne

r)e
.

iFs
arn

a
ilm

 ap
nlg

icu
iatg

egl
wo

 bia
thl

ocu
otn

te r
xop

l
dic

eilt
imc

 oit
net

rr
oal

r od
uel

nid
m

itth
eer

sp
( r

ao
sg

r t
ah

em
λ[bρ

 4-1c
].a

f
o

r
 
a

n
 
i
l
l
u

s
t
r
a

t
i
o

n
)
.
F

 
o

r
a

 
l
 
a

n
g

u
a

g
e

w

1F
or

ex
am

pl
e,

a
po

te
nt

ia
l

re
de

x
in

th
e

λ-
ca

lc
ul

us
is

th
e

ap
pl

ic
at

io
n

of
a

va
lu

e
to

a
t e

rm
.

If
th

e
va

lu
e

is
a

λ-
ab

st
ra

ct
io

n,
th

e
po

te
nt

ia
l

re
de

x
is

a
n

ac
tu

al
o
n
e

an
d

it
c
a
n

be
β-

re
du

ce
d.

If
n
o

re
du

ct
io

n
ru

le
ap

pl
ie

s,
th

e
po

te
nt

ia
l

re
de

x
is

no
t

a
n

ac
tu

al
o
n
e

an
d

th
e

pr
og

ra
m

is
st

uc
k

[7
0]

.



3

2
.3

O
u
r

b
a

se
c
a

lc
u

lu
s

o
f

c
lo

s
u
re

s
:

λ ρ
b

S
in

ce
LO

an
ud

rin
b[6a

1s]
,e

mc
 oa

stlc
au

bls
utr

sac
o t

fm 
cal

coh
sin

uer
s

im
s:p

lλ 
eρ

m 
be

nti
ng

va
ria

nt
s

an
d

ex
te

ns
io

ns
o

f
th

e
λ-

ca
lcu

lO
us

u
ur

se
b

cal
oss

eur
c e

sa
alc

nud
ue

ns
vir 

oo
fnm

c le
on

tss
u,

rae
nsd

:
:thλ 

eρ b
su

bs
tit

ut
io

n
o

f
te

rm
s

fo
r

fre
e

va
ria

bl
es

is
th

us
de

la
ye

d
u
n
til

a
va

ria
bl

e
is

re
ac

he
d

in
th

e
ev

al
ua

tio
n

pr
oc

es
s.

T
hi

s
im

pl
em

en
ta

tio
n

te
ch

ni
qu

e
ha

s
m

ot
iv

at
ed

th
e

st
ud

y
o

f
ca

lc
ul

i
o

f
ex

pl
ic

it
su

bs
tit

ut
io

ns
[1

,2
3,

75
]

to
m

ed
ia

te
be

tw
ee

n
th

e
tr

a
d

iti
o

n
a

l
ab

st
ra

ct
sp

ec
ifi

ca
tio

ns
o

ft
he

λ-
ca

lc
ul

us
an

d
its

tr
a

d
iti

o
n

a
l

co
nc

re
te

im
pl

em
en

ta
tio

ns
[5

1]
.

T
o

de
riv

e
an

ab
st

ra
ct

m
ac

hi
ne

fo
r

ev
al

ua
tin

g
λ-

te
rm

s,
a

w
ea

k
ca

lc
ul

us
o

f
ex

pl
ic

it
su

b-
st

itu
tio

ns
su

ffi
ce

s.
T

he
fir

st
(a

nd
si

m
pl

es
t)

of
su

ch
ca

lc
ul

i
w

as
Cu

rie
n’

s
ca

lc
ul

us
o

fc
lo

su
re

s
λρ

[2
3]

.
A

lth
ou

gh
th

is
ca

lc
ul

us
is

no
t

ex
pr

es
si

ve
en

ou
gh

to
m

od
el

fu
ll

no
rm

al
iz

at
io

n,
it

is
su

ita
bl

e
fo

r
ev

al
ua

tin
g

a
λ-

te
rm

,
i.e

.,
to

pr
od

uc
e

th
e

co
rr

es
po

nd
in

g
w

ea
k

he
ad

no
rm

al
fo

rm
.

It
s

op
er

at
io

na
l

se
m

an
tic

s
is

sp
ec

ifi
ed

us
in

g
m

ul
ti-

st
ep

re
du

ct
io

ns
,

b
u

t
its

sy
nt

ax
is

to
o

re
st

ric
tiv

e
to

al
lo

w
si

ng
le

-s
te

p
co

m
pu

ta
tio

ns
,

w
hi

ch
is

w
ha

t
w

e
ne

ed
to

ap
pl

y
th

e
re

fo
cu

si
ng

m
et

ho
d.

F
or

th
is

re
as

on
,

in
ou

r
ea

rli
er

w
or

k
[8

],
w

e
ha

ve
pr

op
os

ed
a

m
in

im
al

ex
te

ns
io

n
of

λρ
w

ith
on

e-
st

ep
re

du
ct

io
n

ru
le

s,
th

e
λ 

bρ
-c

al
cu

lu
s.

eTn
hse

io
lna

o n
gfu

λ a
ρgw

e
oitf

h
hλo b

 ρn
eis-

sa
tes

pfo
r lle

odw
usc

:t

s(tf
 eo

rllm
osw

)
t

::
=
i

|
λt

|

tt
(c

lo
su

re
s)

c
::
=

ti[s
| ]

λ|

c
c

(s
ub

st
itu

tio
ns

)
s

::
=

t•[

|]

c
|·

s



(F
or

co
m

pa
ris

on
,

λρ
do

es
no

t
ha

ve
th

e
c

c
pr

od
uc

tio
n.

)
W

e
us

e
de

B
ru

ijn
in

di
ce

s
fo

r
va

ria
bl

es
in

a
te

rm
(i

≥
1)

.
A

cl
os

ur
e

is
a

te
rm

eq
ui

pp
ed

wi
thW

a
usu

sbe
sd 

teit
uB

 tiro
uni

j,n
ni.i 

en.,
d

a
eliss

 tfo
orf

v
calo

risa
ubr

lee
ss

itno
bae

t
esr

um
bs 

t(iit
 u≥

te1
 d).

f o
Ar

cfrlo
ese

u
vra

er i
isa

a b
le t

es
imn

t eh
qeu

itpe
prm

ed.
P

ro
gr

am
s

ar
e

cl
os

ur
es

o
f

th
e

fo
rm

t[•
]

w
he

re
t

do
es

no
t

co
nt

ai
n

fre
e

v 
ar

ia
bl

es
.

gTr
hae

m
nso

a ti
roe

nc
olof

sr
uer

deu
sco

 tfio
t hn

ein
f

trh
me

tλ[•
ρb 

]-cw
 alh

cue
rlue

st
i ds

gi
ve

n
tbc 

yo
tnh

tea
info

lf lr
oew

eiv 
nga

r
riua

blel
se:s

n(V
 ina

rt )h
ρib[-

cc1a
·l·c

u·c
lju]

s
→ibρ s

c
i

i b
fyi

t≤h
je

(B
et

a)
((

λt
)[

s]
)

c
→ρ b

t[c
·s 

]

(P
ro

p)
(t0

t1
)[s

]
→ρ b

(t
0[

s]
)

(t
1[

s]
)

W
e

w
rit

e
s(

i)
fo

r
th

e
it
h

el
em

en
t

o
ft

he
su

bs
tit

ut
io

n
s

co
ns

id
er

ed
as

a
lis

t.
(S

o
[c

1
·

·
·
cj

](
i)

=
ci

if
1

≤
i

≤
j.
)

Fii
fn 

a1
l≤l 

y,
it≤h

 e
on

e-
st

ep
re

du
ct

io
n

re
la

tio
n

(i.
e.

,
th

e
co

m
pa

tib
le

cl
os

ur
e

o
f

th
e

no
tio

n
of

re
du

ct
io

n)
ex

te
nd

s
th

e
no

tio
n

o
f

re
du

ct
io

n
w

ith
th

e
fo

llo
w

in
g

ru
le

s:

(L-
Co

mp
)

c0cc01→→
bbρ ρ  c c

0000c1
(R-

Co
mp

)
c0cc11→→

bbρ ρ  c c
010c10

(Su
b)

t[c1···
ci···cc

j]i→→ρ
 bρ bt

  ci0[c
1···ci0

···cj]
fo

ri 
≤ 

j



S
pe

ci
fic

,
de

te
rm

in
is

tic
re

du
ct

io
n

st
ra

te
gi

es
ca

n
be

ob
ta

in
ed

by
re

st
ric

tin
g

th
e

co
m

pa
t-

ib
ili

ty
ru

le
s.

In
th

e
fo

llo
w

in
g

se
ct

io
ns

,
w

e
co

ns
id

er
tw

o
su

ch
st

ra
te

gi
es

:

4
1.

th
e

no
rm

al
-o

rd
er

st
ra

te
gy

ob
ta

in
ed

by
di

sc
ar

di
ng

th
e

(S
ub

)
an

d
(R

-C
om

p)
ru

le
s,

w
he

re
th

e
gr

am
m

ar
s

of
va

lu
es

,
re

de
xe

s
an

d
re

du
ct

io
n

co
nt

ex
ts

ar
e

sp
ec

ifi
ed

as
fo

llo
w

s:

(v
al

ue
s)

v
::
=

(λ
t)

[s
]

(r
ed

ex
es

)
r

::
=

v
c

|
i[s

]
|

(t0
t1

)
[s

]

(r
ed

uc
tio

n
co

nt
ex

ts
)

C
::
=

[]
|

C
[[

]c
],

an
d

2.
th

e
le

ft-
to

-r
ig

ht
ap

pl
ic

at
iv

e-
or

de
r

st
ra

te
gy

ob
ta

in
ed

in
th

e
us

ua
l

w
ay

by
di

sc
ar

di
ng

th
e

(S
ub

)
ru

le
an

d
re

st
ric

tin
g

th
e

(B
et

a)
an

d
(R

-C
om

p)
ru

le
s,

w
he

re
th

e
gr

am
m

ar
s

of
va

lu
es

,
re

de
xe

s
an

d
re

du
ct

io
n

co
nt

ex
ts

ar
e

sp
ec

ifi
ed

as
fo

llo
w

s:

(v
al

ue
s)

v
::

=
(λ

t)
[s

]

(r
ed

ex
es

)
r

::
=

v
v

|
i[s

]

|

(t0
t1

)
[s

]

(r
ed

uc
tio

n
co

nt
ex

ts
)

C
::

=
[]

|
C

[[
]c

]
|

C
[v

[]
]



A
ll

o
f

th
e

ca
lc

ul
i

pr
es

en
te

d
in

th
is

ar
tic

le
ex

te
nd

th
e

λ 
bρ

-c
al

cu
lu

s.
F

or
ea

ch
of

th
em

,
w

e
dA

ellf
ino

 ef
t a

h
seu

ci t
aal

bcl
uel

inp
 otr

ieso
nen

tofe
dre

 idn
ut c

htii
osn

a ,
dte

icn
loe

te e
xdt

→
en

dX
,t

hwe
heλ

 rρ b
e-

cXa
lc

isu
au

ss.u
b F

soc
rri e

pat
c

hid
 eo

nftt
 ihf

yei
nm

g,
a

pA
arl

tlic
o u

fl a
trh

euca
i ctla

acluc
bullu

elsin
 .p

Feios
onern

otefe
adcr 

ehi dn
nuotcf

 h
itios

hne 
a,mr

d t,
cw

le
e

etxdh
t ee→

nn
dd 

etfh
inee

λ
ρa

-
coa

nle
c-u

sltu
esp

.
r F

eod
ruc

e ta
cio

hn
rfe

lt a
hte

iom
n,

as
th

e
co

m
po

si
tio

n
of

:
de

co
m

po
si

ng
a

no
n-

va
lu

e
cl

os
ur

e
in

to
a

re
de

x
an

d
a

re
du

ct
io

n
co

nt
ex

t,
co

nt
ra

ct
in

g
a

(c
on

te
xt

-s
en

si
tiv

e)
re

de
x,

an
d

th
en

pl
ug

gi
ng

th
e

re
su

lti
ng

cl
os

ur
e

in
to

th
e

re
su

lti
ng

co
nt

ex
t.

F
in

al
ly

,
w

e
de

fin
e

th
e

ev
al

ua
tio

n
re

la
tio

n
(d

en
ot

ed
→

X∗
)

us
in

g
itnh

teo
r te

hfle
exr

 eiv
seu

,
ttirn

agn
sc 

ioti
nvt

ee
xctl

o.s
F u

irne
a

olly
fo

ne
-s

te
p

ree
t du

hec
te i

ovn
a,l

ia.e
ti.,o

w
e

sa
y

oth
na 

(td
c

neo
vta

eld
ua→

 tes
to

c0
if

c
→

X∗
c0

an
d

c0
is

a
v 

al
ue

cl
os

ur
e.

W
e

de
fin

e
th

e
co

nv
er

tib
ili

ty
re

la
tio

n
be

tw
ee

n
cl

os
ur

es
as

tch→
 e

sm
al

le
st

eq
ui

va
le

nc
e

re
la

tio
n

co
nt

ai
ni

ng
→

X∗
.
If

tw
o

cl
os

ur
es

c
an

d
c0

ar
e

co
nv

er
tib

le
,

tthh
eey

s
mb

eah
lale

vste
esq

imu
iivla

arll
eyn

uce
n d

ree
rla

tev
ioa

nlu
c a

otn
iotn

ai
n(ii

n.e
g.,

→
eit

he
r

th
ey

b
o
th

ev
al

ua
te

to
th

e
sa

m
e

va
lu

e,
or

th
ey

b
o
th

di
ve

rg
e)

.

3
Th

e
λ 

bρ
A-

ca
lcu

lus
A

s
an

T
Till

hus
etr

aλ 
ti b

oρn
A,

w-e
c

ap
rle

cse
un

tl
au

sd
et

ai
le

d
an

d
sy

st
em

at
ic

de
riv

at
io

n
o

f
an

ab
st

ra
ct

m
ac

hi
ne

fo
r

ca
Tll

-bh
ye

-va
λl 

u b
eρ

Ae
va-

lcu
aa

tlic
on

u
ilnu

th
se

λ-
ca

lc
ul

us
w

ith
an

ab
or

t
op

er
at

io
n,

st
ar

tin
g

fr
om

th
e

sp
ec

ifi
ca

tio
n

o
f

th
e

ap
pl

ic
at

iv
e-

or
de

r
re

du
ct

io
n

st
ra

te
gy

in
th

e
λ 

bρ
-c

al
cu

lu
s

w
ith

an
ab

or
t

sop
pee

cria
fitci

oan
ti.o

nW
oe

ff o
thll

eow
a

ptph
leic

sat
teip

vse
oou

rdtl
ein

rer 
ded

buy
c

tBio
ien

rs n
tarc

akt
ae,

g
yD

a in
nvt

 yh
,

eaλn
 ρ bd

-
Nca

ilec
luse

luns
[ 8w

,i3
th6

]:a

S
ec

tio
n

3.
1:

W
e

sp
ec

ify
th

e
ap

pl
ic

at
iv

e-
or

de
r

re
du

ct
io

n
st

ra
te

gy
in

th
e

fo
rm

of
a

re
du

ct
io

n
se

m
an

tic
s,

i.e
.,

w
ith

a
on

e-
st

ep
re

du
ct

io
n

fu
nc

tio
n

sp
ec

ifi
ed

as
de

co
m

po
si

ng
a

no
n-

va
lu

e
te

rm
in

to
a

re
du

ct
io

n
co

nt
ex

t
an

d
a

re
de

x,
co

nt
ra

ct
in

g
th

is
re

de
x,

an
d

pl
ug

gi
ng

th
e

co
nt

ra
ct

um
in

to
th

e
co

nt
ex

t.
A

s
is

tr
a

d
iti

o
n

a
l,

w
e

al
so

sp
ec

ify
ev

al
ua

tio
n

as
th

e



tr
an

si
tiv

e
cl

os
ur

e
of

on
e-

st
ep

re
du

ct
io

n.

S
ec

tio
n

3.
2:

W
e

re
pl

ac
e

th
e

co
m

bi
na

tio
n

o
f

pl
ug

gi
ng

an
d

de
co

m
po

si
tio

n
by

a
re

fo
cu

s
fu

nc
tio

n
th

a
t

ite
ra

tiv
e

ly
go

es
fr

o
m

re
de

x
si

te
to

re
de

x
si

te
in

th
e

re
du

ct
io

n
se

qu
en

ce
.

T
he

re
su

lti
ng

‘r
ef

oc
us

ed
’

ev
al

ua
tio

n
fu

nc
tio

n
is

th
e

tr
an

si
tiv

e
cl

os
ur

e
of

th
e

re
fo

cu
s

fu
nc

tio
n

an
d

ta
ke

s
th

e
fo

rm
of

a
‘p

re
-a

bs
tra

ct
m

ac
hi

ne
.’

S
ec

tio
n

3.
3:

W
e

m
er

ge
th

e
de

fin
iti

on
s

of
th

e
tr

an
si

tiv
e

cl
os

ur
e

an
d

th
e

re
fo

cu
s

fu
nc

-
tio

n
in

to
a

‘s
ta

ge
d

ab
st

ra
ct

m
ac

hi
ne

’
th

a
t

im
pl

em
en

ts
th

e
re

du
ct

io
n

ru
le

s
an

d
th

e
co

m
p

a
tib

ili
ty

ru
le

s
o

f
th

e
λ

 b
ρ-

ca
lcu

lu
s

w
ith

tw
o

se
pa

ra
te

tr
a

n
si

tio
n

fu
nc

tio
ns

.

5
S

ec
tio

n
3.

4:
W

e
in

lin
e

th
e

tr
a

n
si

tio
n

fu
nc

tio
n

im
pl

em
en

tin
g

th
e

re
du

ct
io

n
ru

le
s.

T
he

re
su

lt
is

an
ev

al
/a

pp
ly

ab
st

ra
ct

m
ac

hi
ne

co
ns

is
tin

g
o

f
an

‘e
va

l’
tr

a
n

si
tio

n
fu

nc
tio

n
di

sp
at

ch
in

g
o

n
cl

os
ur

es
an

d
an

‘a
pp

ly
’

tr
a

n
si

tio
n

fu
n
ct

io
n

di
sp

at
ch

in
g

on
co

nt
ex

ts
.

S
ec

tio
n

3.
5:

O
bs

er
vi

ng
th

a
t

in
a

re
du

ct
io

n
se

qu
en

ce
,

an
(A

p
p

)
re

du
ct

io
n

st
ep

is
al

w
ay

s
fo

llo
w

ed
by

a
de

co
m

po
si

tio
n

st
ep

,
w

e
co

al
es

ce
th

es
e

tw
o

st
ep

s
in

to
on

e.
O

bs
er

vi
ng

th
a

t
in

a
re

du
ct

io
n

se
qu

en
ce

,
an

(A
b

o
rt

)
re

du
ct

io
n

st
ep

is
al

w
ay

s
fo

llo
w

ed
by

a
de

co
m

po
si

tio
n

st
ep

,
w

e
co

al
es

ce
th

es
e

tw
o

st
ep

s
in

to
on

e.
T

h
is

sh
or

tc
ut

m
ak

es
th

e
re

su
lti

ng
ab

st
ra

ct
m

ac
hi

ne
di

sp
at

ch
o

n
te

rm
s

ra
th

e
r

th
a
n

on
cl

os
ur

es
,

an
d

en
ab

le
s

th
e

fo
llo

w
in

g
st

ep
.

S
ec

tio
n

3.
6:

W
e

un
fo

ld
th

e
da

ta
ty

pe
o

f
cl

os
ur

es
,

m
ak

in
g

th
e

ab
st

ra
ct

m
ac

hi
ne

op
er

at
e

ov
er

tw
o

co
m

po
ne

nt
s—

a
te

rm
an

d
a

su
b
st

itu
tio

n
—

in
st

e
a
d

o
f

ov
er

on
e—

a
cl

os
ur

e.



T
he

su
bs

tit
ut

io
n

co
m

po
ne

nt
is

th
e

tr
a

d
iti

o
n

a
l

en
vi

ro
nm

en
t

o
fe

nv
iro

nm
en

t
m

ac
hi

ne
s,

an
d

th
e

re
su

lti
ng

m
ac

hi
ne

is
an

en
vi

ro
nm

en
t

m
ac

hi
ne

.
T

hi
s

m
ac

hi
ne

co
in

ci
de

s
w

ith
th

e
C

E
K

m
ac

hi
ne

w
 it

h
an

ab
or

t
op

er
at

or
[4

2]
.

In
S

ec
tio

n
3.

7,
w

e
st

at
e

th
e

co
rr

ec
tn

es
s

o
f

th
e

re
su

lti
ng

C
E

K
m

ac
hi

ne
w

ith
re

sp
ec

t
to

ev
al

ua
tio

n
in

th
e

λ 
bρ

-c
al

cu
lu

s
w

ith
an

ab
or

t
op

er
at

io
n.

3
.1

A
re

d
u
c
ti
o
n

s
e
m

a
n
ti
c
s

fo
r

a
p

p
li
c
a

ti
v
e

o
rd

e
r

a
n
d

a
b

o
rt

A
re

du
ct

io
n

se
m

an
tic

s
fo

r
ap

pl
ic

at
iv

e-
or

de
r

re
du

ct
io

n
in

th
e

λ 
bρ

A-
ca

lc
ul

us
bu

ild
s

on
th

e
aA

pp 
reld

icu
act

itvi
eo-

nor
s d

em
era

nst
tria

cts
ef g

oyr
pa 

rpe
psle

inct
aet

div
ien-o

rSd
ece

trio
r ne

d
2u.

c3t
.i

nT
hi e

n
gt

rh
ae

m
λ 

m
bρ

 A
ar

-
coa

flc
tue

lrum
ssb

aun
ildd

sclo
 on

sut
 rhe

se
Aco

nr t
ead

iun
cst

iao
dnd

is t
eim

ona
anl

pic
rso

df o
urc

ta i
opn

psl
i

fca
ort

tvhe
-eo

rad
beo

rrtr
eod

pue
rcta

itoio
nni

 :n

(T
er

m
)

t
::
=

..
.

|
A

t
(C

lo
su

re
)

c
::

=
..

.
||

AA
c

T
he

re
du

ct
io

n
se

m
an

tic
s

is
co

nt
ex

t-
se

ns
iti

ve
an

d
its

co
nt

ra
ct

io
n

ru
le

s
co

nt
ai

n
th

e
co

nt
ra

c-
tio

ns
of

th
e

λ 
bρ

-c
al

cu
lu

s
(h

er
e

st
at

ed
in

th
e

co
nt

ex
t-

se
ns

iti
ve

fo
rm

)
:

(uV
sa 

(rh)
shit

a[ct
1e

·d
d·

·i
ncjt

 ],h
eCc

 i
n→

teA
x

h-cs
ei,n

sCi
tii

fifo
ir

m≤)
:j

(B
et

a)
h(

(λ
t)

[s
])

c,
C

i
→

A
ht

[c
·

s]
,

C
i

(P
ro

p)
h(

t0
t1

)[
s]

,
C

i
→

A
h(

t0
[s

])
(t

1
[s

]),
C

i

as
w

el
l

as
tw

o
ne

w
co

nt
ra

ct
io

ns
fo

r
th

e
ab

or
t

op
er

at
io

n:



(P
ro

pA
)

h(
A

t)
[s

],
C

i
→

A
hA

(t
[s

])
,

C
i

(A
b
o
rt

)
hA

v,
C

i
→

A
hv

,
[]

i

F
in

al
ly

,
th

e
gr

am
m

ar
o

f
re

du
ct

io
n

co
nt

ex
ts

re
ad

s
as

fo
llo

w
s:

(C
on

te
xt

)
C

::
=

[]
|

C
[[

]c
]

|

C
[v

[]
]

|
C

[A
[]

]

T
hi

s
re

du
ct

io
n

se
m

an
tic

s
sa

tis
fie

s
th

e
co

nd
iti

on
s

st
at

ed
in

S
ec

tio
n

2.
1.

W
e

ca
n

th
er

ef
or

e
de

fin
e

th
e

fo
llo

w
in

g
th

re
e

fu
nc

tio
ns

:

de
co

m
po

se
:

C
lo

su
re

→
V

al
ue

+
(R

ed
ex

×Context)
cco

om
ntp

rao
cste

:
RC

elod
seu

xr
e×

→
→Co

 Vn
ate

luxe
t

+
→

(
CR

elod
seu

xre
×

××
C

Co
ont

net
xet

x)t
tpra

lucg
t

:
CR

elod
seu

xre
×

××
C

Coo
ntn

etx
ext

t →
→→

C
Clo

lsou
sur

ere
 ×

6

3
.1

.1
D

e
co

m
p
o
si

tio
n

W
e

de
fin

e
de

co
m

po
se

as
a

tr
an

si
tio

n
fu

nc
tio

n
ov

er
cl

os
ur

es
an

d
re

du
ct

io
n

co
nt

ex
ts

:

de
co

m
po

se
:C

lo
su

re
→

V
al

ue
+

(R
ed

ex
×Context)

doe
sec

o: m
C p

loos
sue

r
c

→=
dVe

aclu
oem

+ p
o( s

Ree
0

(dec
,x

[××
])

de
co

m
po

se
0

:C
lo

su
re

×Context→Value+(Redex×Context)



d:e
c C

olo
ms

puo
rse

e× 
0

(i C
[os

]n,
Cex

t)
→=

V(i[
aslu

],
C +

)
de

co
m

po
se

0
((

λt
)

[s
],

C
)

=
de

co
m

po
se

0a
ux

(C
,

(λ
t)

[s
])

de
co

m
po

se
0

((
t0

t1
)[

s]
,

C
)

=
((

t0
t1

)[
s]

,
C

)
de

co
m

po
se

0
(c

0
c
1
,

C
)

=
de

co
m

po
se

0
(c

0,
C

[[
]c

1]
)

de
co

m
po

se
0

((
A

t)
[s

],
C

)
=

((
A

t)
[s

],
C

)
de

co
mp

(o
s(e

A0
(tA)

[s
c,

CC
))

==
(d(e

Aco
 tm

)[ps
o],s

C e
0

)(c
,

C
[A

[]
])

de
co

m
po

se
0a

ux
:C

on
te

xt
×Value→Value+(Redex×Context)

dec
o:m

C o
pon

tse
e0x

atu
x×

×(V[
V]a,

uv)e
→=

v
de

co
m

po
se

0a
ux

(C
[[

]c
],

v)
=

de
co

m
po

se
0

(c
,

C
[v

[]
])

de
co

m
po

se
0a

ux
(C

[v
0

[]
],

v)
=

(v
0

v,
C

)
de

co
m

po
se

0a
ux

(C
[A

[]
],

v)
=

(A
v,

C
)

T
he

m
ai

n
de

co
m

po
si

tio
n

fu
nc

tio
n,

de
co

m
po

se
,

us
es

tw
o

au
xi

lia
ry

tr
an

si
tio

n
fu

nc
tio

ns
th

a
t

w
or

k
ac

co
rd

in
g

to
P

ro
pe

rt
y

1:

•
de

co
m

po
se

0
is

pa
ss

ed
a

cl
os

ur
e

an
d

a
re

du
ct

io
n

co
nt

ex
t.

It
di

sp
at

ch
es

on
th

e
cl

os
ur

e
adn

ecd
o

ite
ra

tiv
el

y
bu

ild
s

th
e

re
du

ct
io

n
co

nt
ex

t:

–
if

th
e

cu
rr

en
t

cl
os

ur
e

is
a

va
lu

e,
th

en
de

co
m

po
se

0a
ux

is
ca

lle
d

to
in

sp
ec

t
th

e
co

nt
ex

t;

–
if

th
e

cu
rr

en
t

cl
os

ur
e

is
a

re
de

x,
th

en
a

de
co

m
po

si
tio

n
is

fo
un

d;
an

d

–
ot

he
rw

is
e,

a
su

bc
lo

su
re

o
f

th
e

cu
rr

en
t

cl
os

ur
e

is
ch

os
en

to
be

vi
si

te
d

in
a

ne
w

co
nt

ex
t.

•
de

co
m

po
se

0a
ux

is
pa

ss
ed

a
re

du
ct

io
n

co
nt

ex
t

an
d

a
va

lu
e.

It
di

sp
at

ch
es

on
th

e
re

du
c-



tdie
ocn

o
mc

op
no

tse
ext

:

–
if

th
e

cu
rr

en
t

co
nt

ex
t

is
em

pt
y,

th
en

th
e

va
lu

e
is

th
e

re
su

lt
o

f
th

e
fu

nc
tio

n;

–
if

th
e

to
p

co
ns

tr
uc

to
r

of
th

e
co

nt
ex

t
is

th
a

t
o

f
a

fu
nc

tio
n

ap
pl

ic
at

io
n,

th
e

ac
tu

al
pa

ra
m

et
er

is
de

co
m

po
se

d
in

a
ne

w
co

nt
ex

t;
an

d

–
ot

he
rw

is
e,

a
re

de
x

ha
s

be
en

fo
un

d.

T
he

de
co

m
po

si
tio

n
fu

nc
tio

n
is

to
ta

l.

3.
1.

2
C

o
n
te

xt
-s

e
n
si

tiv
e

co
n

tr
a

ct
io

n

W
e

de
fin

e
co

nt
ra

ct
by

ca
se

s,
as

a
st

ra
ig

ht
fo

rw
ar

d
im

pl
em

en
ta

tio
n

o
f

th
e

co
nt

ra
ct

io
n

ru
le

s:

co
nt

ra
ct

:R
ed

ex
×Context→Closure×Context

cno
trn

atr
cat

c :t
R(ie

[dv1
e

x·
·×

×·
vCm

o]n
,

Cex
t)

→=
(Cv

loi,s
Cur

e)
co

nt
ra

ct
((t

0·
·t·1

v)
[s

],
C

)
=

((
t0

[s
])

(t
1

[s
]),

C
)

co
nt

ra
ct

((
(λ

t)
[s

])
v,

C
)

=
(t

[v
·

s]
,

C
)

nct
orn

atc
rta 

c((t
(

(λ(
tA)

[s
t]))

)[sv
 ],

CC
))

==
((At

[v
( t·[

 ss]
],), 

C
C)

)
tcro

anc
ttr( 

a(c
At

( tA
)[

v,
CC

))
==

((vA
,

([t][
[)s

In
ge

ne
ra

l,
th

e
co

nt
ra

ct
io

n
fu

nc
tio

n
is

p
a

rt
ia

l
be

ca
us

e
o

f
st

uc
k

te
rm

s.

7

3.
1.

3
P

lu
g
g
in

g

W
e

de
fin

e
pl

ug
by

st
ru

ct
ur

al
in

du
ct

io
n

ov
er

th
e

re
du

ct
io

n
co

nt
ex

t.
It

ite
ra

tiv
el

y
pe

el
s

of
f



th
e

co
nt

ex
t

an
d

th
us

al
so

ta
ke

s
th

e
fo

rm
of

a
tr

an
si

tio
n

fu
nc

tio
n:

pl
ug

:C
lo

su
re

×Context→Closure p× 
lu C

g
o(nc

,t
[ex

])t
→

=
c

pl
ug

(c
0,

C
[[

]c
1]

)
=

pl
ug

(c
0

c
1
,C

)
pl

ug
(c

1,
C

[c
0

[]
])

=
pl

ug
(c

0
c1

,
C

)
pl

ug
(c

,C
[A

[]
])

=
pl

ug
(A

c,
C

)

T
he

pl
ug

gi
ng

fu
nc

tio
n

is
to

ta
l.

3.
1.

4
O

ne
-s

te
p

re
d
u
ct

io
n

G
iv

en
th

es
e

th
re

e
fu

nc
tio

ns
,

w
e

ca
n

de
fin

e
th

e
fo

llo
w

in
g

on
e-

st
ep

re
du

ct
io

n
fu

nc
tio

n
th

at
te

st
s

w
he

th
er

a
cl

os
ur

e
is

a
va

lu
e

or
ca

n
be

de
co

m
po

se
d

in
to

a
re

de
x

an
d

a
co

nt
ex

t,
th

at
co

nt
ra

ct
s

th
is

re
de

x
to

ge
th

er
w

ith
its

co
nt

ex
t,

an
d

th
at

pl
ug

s
th

e
co

nt
ra

ct
um

in
th

e
re

su
lti

ng
co

nt
ex

t:

re
du

ce
:C

lo
su

re
→

C
lo

su
re

r Ce
ldou

scu
er

c
→=

ca
se

rd
ee

co
m

po
se

c
o

f
v

⇒
v

|
(r

,
Cv

)
⇒

⇒
pv

lug
(c

0,
C

0)
w

he
re

(c
0,

C
0)

=
co

nt
ra

ct
(r

,
C

)

In
ge

ne
ra

l,
th

e
on

e-
st

ep
re

du
ct

io
n

fu
nc

tio
n

is
p

a
rt

ia
l

be
ca

us
e

o
f

th
e

co
nt

ra
ct

io
n

fu
nc

tio
n.

T
he

fo
llo

w
in

g
pr

op
os

iti
on

is
a

co
ns

eq
ue

nc
e

o
f

th
e

un
iq

ue
-d

ec
om

po
si

tio
n

pr
op

er
ty

.

P
ro

p
o
s
it
io

n
1.

F
or

an
y

no
n-

va
lu

e
cl

os
ur

e
c

an
d

fo
r

an
y

cl
os

ur
e

c0
,

c
→

A
c0

⇔
re

du
ce

c
=

c0
.



3.
1.

5
R

e
d
u
ct

io
n
-b

a
se

d
e

va
lu

a
tio

n

F
in

al
ly

,
w 

e
ca

n
de

fin
e

ev
al

ua
tio

n
as

th
e

re
fle

xi
ve

,
tr

an
si

tiv
e

cl
os

ur
e

o
f

on
e-

st
ep

re
du

ct
io

n.
F

or
si

m
pl

ic
ity

,
w

e
us

e
de

co
m

po
se

t o
t e

st
w

he
th

er
a

v 
al

ue
ha

s
be

en
re

ac
he

d:

ite
ra

te
:V

al
ue

+
(R

ed
ex

×Context)→V alue Cito
enr

atte
ex

v
→=

v
ite

ra
te

(r
,

C
)

=
ite

ra
te

(d
ec

om
po

se
(p

lu
g

(c
0,

C
0)

))
w

he
re

(c
0,

C
0)

=
co

nt
ra

ct
(r

,
C

)

ev
al

ua
te

:T
er

m
→

V 
al

ue
etve

a :lu
T a

etre
m

mt
→=

iVta
elra

ute
e

(d
ec

om
po

se
(t

[•
])

)

T
hi

s
ev

al
ua

tio
n

fu
nc

tio
n

is
p
a
rt

ia
l

be
ca

us
e

of
th

e
on

e-
st

ep
re

du
ct

io
n

fu
nc

tio
n

an
d

al
so

be
ca

us
e

a
re

du
ct

io
n

se
qu

en
ce

m
ig

ht
no

t
te

rm
in

at
e.

P
ro

p
o
s
it
io

n
2

.
F

or
an

y
cl

os
ed

te
rm

t
an

d
an

y
va

lu
e

v,
t[•

]
→A

∗
v

⇔
ev

al
ua

te
t

=
v.

3
.2

A
p

re
-a

b
s
tr

a
c
t

m
a

c
h

in
e

T
he

re
du

ct
io

n
se

qu
en

ce
im

pl
em

en
te

d
by

ev
al

ua
tio

n
ca

n
be

de
pi

ct
ed

as
fo

llo
w

s:

◦
◦

◦

FFFFFde
FFcFoF#

#mpose
pxxluxxg

xxxxx;;
FFFFFde

FFcFoF#
#mpose

pxxluxxg
xxxxx;;

FFFFFde
FFcFoF#

#mpose
◦
/
/

◦
◦
/
/

◦
◦
/
/

◦

co
nt

ra
ct

co
nt

ra
ct

co
nt

ra
ct



8
A

t
ea

ch
st

ep
,

an
in

te
rm

ed
ia

te
te

rm
is

co
ns

tr
uc

te
d

by
th

e
fu

nc
tio

n
pl

ug
;

it
is

th
en

im
m

e-
di

at
el

y
de

co
m

po
se

d
by

th
e

su
bs

eq
ue

nt
ca

ll
to

de
co

m
po

se
.

In
ea

rli
er

w
or

k
[3

6]
,D

an
vy

an
d

N
ie

ls
en

po
in

te
d

ou
t

th
a
t

th
e

co
m

po
si

tio
n

o
f

pl
ug

an
d

de
co

m
po

se
(w

hi
ch

ar
e

to
ta

l)
co

ul
d

be
re

pl
ac

ed
by

a
m

or
e

ef
fic

ie
nt

fu
nc

tio
n,

re
fo

cu
s

(w
hi

ch
is

al
so

to
ta

l)
,
th

a
t

w
ou

ld
di

re
ct

ly
go

fr
om

re
de

x
si

te
to

re
de

x
si

te
in

th
e

re
du

ct
io

n
se

qu
en

ce
:

◦
◦

◦

FFFFFde
FFcFoF#

#mpose
pxxluxxg

xxxxx;;
FFFFFde

FFcFoF#
#mpose

pxxluxxg
xxxxx;;

FFFFFde
FFcFoF#

#mpose
___

_/
/#

#
◦
/
/

◦
x
_

_
_

_
_

_
_

_
 
/
/
#

#
◦
/
/

◦
x
_

_
_

_
_

_
_

_
 
/
/
#

#
◦
/
/

◦

co
nt

ra
ct

re
fo

cu
s

co
nt

ra
ct

re
fo

cu
s

co
nt

ra
ct

T
he

es
se

nc
e

of
re

fo
cu

si
ng

fo
r

a
re

du
ct

io
n

se
m

an
tic

s
sa

tis
fy

in
g

th
e

un
iq

ue
de

co
m

po
si

tio
n

pr
op

er
ty

is
ca

pt
ur

ed
in

th
e

fo
llo

w
in

g
pr

op
os

iti
on

:

P
ro

p
o

s
it
io

n
3

(D
a
n
vy

a
n
d

N
ie

ls
e

n
[2

6,
36

])
.F

or
an

y
cl

os
ur

e
c

an
d

re
du

ct
io

n
co

nt
ex

t
C

,
de

co
m

po
se

(p
lu

g
(c

,
C

))
=

de
co

m
po

se
0

(c
,

C
)

In
w

or
ds

:
re

fo
cu

si
ng

am
ou

nt
s

to
co

nt
in

ui
ng

th
e

de
co

m
po

si
tio

n
o
f

th
e

gi
ve

n
co

nt
ra

ct
um

in
th

e
gi

ve
n

co
nt

ex
t.

T
he

de
fin

iti
on

of
th

e
re

fo
cu

s
fu

nc
tio

n
is

th
er

ef
or

e
a

cl
on

e
o
f

th
at

of
de

co
m

po
se

0.
In

pa
rt

ic
ul

ar
,

it
in

vo
lv

es
an

au
xi

lia
ry

fu
nc

tio
n

re
fo

cu
sa

ux
an

d
ta

ke
s

th
e

fo
rm

o
f

tw
o

st
at

e-



tr
an

si
tio

n
fu

nc
tio

ns
,

i.e
.,

of
an

ab
st

ra
ct

m
ac

hi
ne

:

re
fo

cu
s

:C
lo

su
re

×Context→Value+(Redex×Context)
roe

sfu
ocr

eus
×

(iC 
[os]

n
,

Cex
t)

→=
V(i[

aslu
],

C +
)

re
fo

cu
s

((
λt

)
[s

],
C

)
=

re
fo

cu
sa

ux
(C

,
(λ

t)
[s

])
re

fo
cu

s
((

t0
t1

)[
s]

,
C

)
=

((
t0

t1
)[

s]
,

C
)

re
fo

cu
s

(c
0

c
1
,

C
)

=
re

fo
cu

s
(c

0
,

C
[[

]c
1]

)
re

fo
cu

s
((

A
t)

[s
],

C
)

=
((

A
t)

[s
],

C
)

cru
esf

o( c
(uA

s
(tA)

[s
c,

CC
))

==
(r(e

Afo
ct u

)s[s
(]c,, 

C
C

)[A
[]

])

re
fo

cu
sa

ux
:C

on
te

xt
×Value→Value+(Redex×Context)

r Ce
foo

nctu
exs

atu
x×

(V[
V]a,

uv)e
→=

v
re

fo
cu

sa
ux

(C
[[

]c
],

v)
=

re
fo

cu
s

(c
,

C
[v

[]
])

re
fo

cu
sa

ux
(C

[v
0

[]
],

v)
=

(v
0

v,
C

)
re

fo
cu

sa
ux

(C
[A

[]
],

v)
=

(A
v,

C
)

In
th

is
ab

st
ra

ct
m

ac
hi

ne
,

th
e

co
nf

ig
ur

at
io

ns
ar

e
pa

irs
co

nt
ai

ni
ng

a
cl

os
ur

e
an

d
a

co
nt

ex
t;

th
e

fin
a
l

tr
an

si
tio

ns
ar

e
sp

ec
ifi

ed
by

th
e

fir
st

,
th

ir
d
,

an
d

fi
ft
h

cl
au

se
s

of
re

fo
cu

s
an

d
by

th
e

fir
st

,
th

ir
d
,

an
d

fo
ur

th
cl

au
se

s
of

re
fo

cu
sa

ux
;

an
d

th
e

in
iti

a
l

tr
an

si
tio

n
is

sp
ec

ifi
ed

by
tw

o
cl

au
se

s
of

th
e

co
rr

es
po

nd
in

g
‘

re
fo

cu
se

d’
ev

al
ua

tio
n

fu
nc

tio
n,

w
hi

ch
re

ad
s

as
fo

llo
w

s:

ite
ra

te
:V

al
ue

+
(R

ed
ex

×Context)→Value Cito
enr

atte
ex

v
→=

v
ite

ra
te

(r
,

C
)

=
ite

ra
te

(r
ef

oc
us

(c
0,

C
0)

)
w

he
re

(c
0,

C
0)

=
co

nt
ra

ct
(r

,
C

)



ev
al

ua
te

:T
er

m
→

V
al

ue
etve

a :lu
T a

ete
rm

mt
→=

iVta
elra

ute
e

(r
ef

oc
us

(t[
•]

,
[]

))

9
(F

or
th

e
in

iti
a

l
ca

ll
to

ite
ra

te
,

w
e

ha
ve

ex
pl

oi
te

d
th

e
do

ub
le

eq
ua

lit
y

de
co

m
po

se
(t[

•]
)

=
(dF

eco
orm

t hp
oes

ei n
i(p

tila
ulg

c(a
tl[l•

],
o[])

 it)e
r=

a
ree

,fo 
wce

ush
(atv

[•e
],

[x]p
).l)o

oTm
hpis

o
ese

va (
plul

uat
gio(

 tn[
•

f]u
,n[

c] )
t)io

= n
co

m
pu

te
s

t]h
, e

[
t)r

.)a
ns

itiv
e

cl
os

ur
e

o
f

re
fo

cu
s

us
in

g
th

e
au

xi
lia

ry
fu

nc
tio

n
ite

ra
te

as
a

tr
am

po
lin

e
[4

8]
.

D
ue

t o
th

e
no

n-
ta

il
ca

ll
to

re
fo

cu
s

in
ite

ra
te

,
w

e
re

fe
r

to
th

is
ev

al
ua

tio
n

fu
nc

tio
n

as
a

‘
pr

e-
ab

st
ra

ct
m

ac
hi

ne
.’

3
.3

A
s
ta

g
e

d
a

b
s
tr

a
c
t

m
a

c
h

in
e

T
o

tr
an

sf
or

m
th

e
pr

e-
ab

st
ra

ct
m

ac
hi

ne
in

to
an

ab
st

ra
ct

m
ac

hi
ne

,
w

e
di

st
rib

ut
e

th
e

ca
lls

to
ite

ra
te

fr
om

th
e

de
fin

iti
on

s
of

ev
al

ua
te

an
d

of
ite

ra
te

to
th

e
de

fin
iti

on
s

o
f

re
fo

cu
s

an
d

re
fo

cu
sa

ux
:

ev
al

ua
te

:T
er

m
→

Va
lu

e
aetv

ea: 
luT 

aete
rm

mt
→

=
Vre

aflo
uce

us
(t[

•]
,

[]
)

ite
ra

te
:V

al
ue

+
(R

ed
ex

×Context)→Value Cito
enr

atte
ex

v
→

=
v

ite
ra

te
(r

,
C

)
=

re
fo

cu
s

(c
0,

C0
)

w
he

re
(c

0,
C0

)
=

co
nt

ra
ct

(r
,

C
)

re
fo

cu
s

:C
lo

su
re

×Context→Value



roe
sfu

ocr
eus

×
(iC 

[os]
n,

Cex
t)

→=
iVta

elra
ute

e
(i[

s]
,

C
)

re
fo

cu
s

((
λt

)
[s

],
C

)
=

re
fo

cu
sa

ux
(C

,
(λ

t)
[s

])
re

fo
cu

s
((

t0
t1

)[
s]

,
C

)
=

ite
ra

te
((

t0
t1

)[
s]

,
C

)
re

fo
cu

s
(c

0
c
1
,

C
)

=
re

fo
cu

s
(c

0,
C

[[
]c

1]
)

re
fo

cu
s

((
A

t)
[s

],
C

)
=

ite
ra

te
((

A
t)

[s
],

C
)

cru
esf

o( c
(uA

s
(tA)

[s
c,

CC
))

==
irte

efo
rac

tue
s(

((cA
,

Ct)
[[sA

],
,[C

]]))

re
fo

cu
sa

ux
:C

on
te

xt
×Value→Value

r Ce
foo

nctu
exs

atu
x×

×(V[
V]a,

uv)
e

→=
iVta

elra
ute

e
v

re
fo

cu
sa

ux
(C

[[
]c

],
v)

=
re

fo
cu

s
(c

,
C

[v
[]

])
re

fo
cu

sa
ux

(C
[v

0
[]

],
v)

=
ite

ra
te

(v
0

v,
C

)
re

fo
cu

sa
ux

(C
[A

[]
],

v)
=

ite
ra

te
(A

v,
C

)

T
he

re
su

lti
ng

de
fin

iti
on

s
o

fe
va

lu
at

e,
ite

ra
te

,
re

fo
cu

s,
an

d
re

fo
cu

sa
ux

ar
e

th
at

of
fo

ur
m

ut
ua

lly
re

cu
rs

iv
e

tr
an

si
tio

n
fu

nc
tio

ns
th

a
t

fo
rm

an
ab

st
ra

ct
m

ac
hi

ne
.

In
th

is
ab

st
ra

ct
m

ac
hi

ne
,

th
e

co
nf

ig
ur

at
io

ns
ar

e
pa

irs
o

f
a

cl
os

ur
e

an
d

a
co

nt
ex

t,
th

e
in

iti
a

l
tr

an
si

tio
n

is
sp

ec
ifi

ed
by

ev
al

ua
te

,
an

d
th

e
fin

a
l

tr
an

si
tio

n
in

th
e

fir
st

cl
au

se
o

f
ite

ra
te

.
T

he
co

m
pa

tib
ili

ty
ru

le
s

ar
e

im
pl

em
en

te
d

by
re

fo
cu

s
an

d
re

fo
cu

sa
ux

,
an

d
th

e
re

du
ct

io
n

ru
le

s
by

th
e

ca
ll

to
co

nt
ra

ct
in

th
e

se
co

nd
cl

au
se

o
f

ite
ra

te
.

W
e

ca
n

m
ak

e
th

is
la

st
po

in
t

ev
en

m
or

e
m

an
ife

st
by

in
lin

in
g

co
nt

ra
ct

in
th

e
de

fin
iti

on
of

ite
ra

te
:

ite
ra

te
:V

al
ue

+
(R

ed
ex

×Context)→Value Cito
enr

atet
ex

v
→=

v
ite

ra
te

(i
[v

1
·

·
·
vm

],
C

)
=

re
fo

cu
s

(v
i,

C
)

ite
ra

te
((t

0·
·t·1

v)
[s

],
C

)
=

re
fo

cu
s

((
t0

[s
])

(t
1

[s
]),

C
)



ite
ra

te
((

(λ
t)

[s
])

v,
C

)
=

re
fo

cu
s

(t
[v

·
s]

,
C

)
irta

etre
at( 

e((
(λ(

tA)
[s

t]))
)[sv 

],
CC

))
==

rree
ffoo

ccu
uss

((A
t[v

( t·[
 ss]

],), 
C

C)
)

itte
er (

a(tA
e

( tA
)[

v,
CC

))
==

rree
ffoo

ccu
uss

((v
A,

([t]
[)s

B
y

co
ns

tr
uc

tio
n,

th
e

m
ac

hi
ne

th
er

ef
or

e
se

pa
ra

te
ly

im
pl

em
en

ts
th

e
re

du
ct

io
n

ru
le

s
(w

ith
ite

ra
te

)
an

d
th

e
co

m
pa

tib
ili

ty
ru

le
s

(w
ith

re
fo

cu
s

an
d

re
fo

cu
sa

ux
);

fo
r

th
is

re
as

on
,

w
e

re
fe

r
to

it
as

a
‘s

ta
ge

d
ab

st
ra

ct
m

ac
hi

ne
’

[5
1]

.

10

3
.4

A
n

e
v
a

l/
a

p
p

ly
a

b
s
tr

a
c
t

m
a

c
h

in
e

A
s

al
re

ad
y

ob
se

rv
ed

by
D

an
vy

an
d

N
ie

ls
en

in
th

ei
r

w
or

k
on

re
fo

cu
si

ng
,

in
lin

in
g

ite
ra

te
yi

el
ds

an
ev

al
/a

pp
ly

ab
st

ra
ct

m
ac

hi
ne

[6
6]

.
In

lin
in

g
th

e
ca

lls
to

ite
ra

te
in

th
e

st
ag

ed
ab

st
ra

ct
m

ac
hi

ne
yi

el
ds

th
e

fo
llo

w
in

g
ev

al
/a

pp
ly

m
ac

hi
ne

,
w

he
re

re
fo

cu
s

(t
he

‘e
va

l’
t r

an
-

si
tio

n
fu

nc
tio

n)
di

sp
at

ch
es

on
cl

os
ur

es
an

d
re

fo
cu

sa
ux

(t
he

‘a
pp

ly’
fu

nc
tio

n)
di

sp
at

ch
es

on
co

nt
ex

ts
:

ev
al

ua
te

:T
er

m
→

Va
lu

e
aetv

ea: 
luT 

aetr
em

mt
→

=
Vre

aflo
uce

us
(t[

•]
,

[]
)

re
fo

cu
s

:C
lo

su
re

×Context→Value
ore

cfuo
sc: 

u C
s

l(ois
[vu1

r
e·

·×
×·

vC 
mo

]n,
Cex

t)
→

=
Vre

aflo
uce

us
(v

i,
C

)
re

fo
cu

s
((·λ

··t)
v

[s
],

C
)

=
re

fo
cu

sa
ux

(C
,

(λ
t)

[s
])

re
fo

cu
s

((
t0

t1
)[

s]
,

C
)

=
re

fo
cu

s
((

t0
[s

])
(t

1
[s

]),
C

)
re

fo
cu

s
(c

0
c
1
,

C
)

=
re

fo
cu

s
(c

0,
C

[[
]c

1]
)



re
fo

cu
s

((
A

t)
[s

],
C

)
=

re
fo

cu
s

(A
(t

[s
])

,
C

)
cru

esf
o( c

(uA
s

(tA)
[s

c,
CC

))
==

rree
ffoo

ccu
uss

((cA
,

C(t
[[sA

])
[,]C

])

re
fo

cu
sa

ux
:C

on
te

xt
×Value→Value

r Ce
foo

nctu
exs

atu
x×

×(V[
V]a,

uv)
e

=
v

re
fo

cu
sa

ux
(C

[[
]c

],
v)

=
re

fo
cu

s
(c

,
C

[v
[]

])
re

fo
cu

sa
ux

(C
[(

(λ
t)

[s
])

[]
],

v)
=

re
fo

cu
s

(t
[v

·
s]

,
C

)
ref

o(c
uC

s[a
(u(

xλ
(tC

)[s
[A]

)
[[]

]]],
vv)

)
==

rree
ffoo

ccu
uss

((vt[
,v

v[··]
s)

3
.5

T
ra

n
s
it
io

n
c
o

m
p

re
s
s
io

n

In
th

re
e

ca
se

s,
th

e
ev

al
/a

pp
ly

m
ac

hi
ne

o
f

S
ec

tio
n

3.
4

yi
el

ds
a

co
nf

ig
ur

at
io

n
th

at
un

iq
ue

ly
de

te
rm

in
es

th
e

ne
xt

on
e.

Le
t

us
sh

or
tc

ut
th

es
e

“
co

rri
do

r
tra

ns
iti

on
s:

”

•
T

he
m

ac
hi

ne
on

ly
pr

od
uc

es
an

ap
pl

ic
at

io
n

of
cl

os
ur

es
th

ro
ug

h
an

(A
pp

)
re

du
ct

io
n

st
ep

(mt
ahc

irhd
in

cela
o u

nsle
y

o p
fr

ore
dfuo

ccu
ess

) a
.

Wa
 pe

olb
icsa

etri
voe

n
t oh

fac
 tl

oisn
u

a
sre

t dh
urc

otu
iog

nh
se

qu
en

ce
,

an
(uA

ctp
iop

n)
re

du
ct

io
n

st
ep

is
al

w
ay

s
fo

llo
w

ed
by

a
de

co
m

po
si

tio
n

st
ep

(f
ou

rt
h

cl
au

se
o

f
re

fo
cu

s)
.

A
s

a
sh

or
tc

ut
,

w
e

co
al

es
ce

th
e

tw
o

co
ns

ec
ut

iv
e

t r
an

si
tio

ns
in

to
on

e,
re

pl
ac

in
g

th
e

th
ir
d

an
d

fo
u
rt

h
cl

au
se

s
o

f
re

fo
cu

s
w

ith
th

e
fo

llo
w

in
g

on
e:

re
fo

cu
s

((
t0

t1
)[

s]
,

C
)

=
re

fo
cu

s
(t0

[s
],

C
[[

]
(t

1
[s

])]
)

•
T

he
m

ac
hi

ne
on

ly
pr

od
uc

es
an

ap
pl

ic
at

io
n

o
f

A
th

ro
ug

h
an

(A
b
o
rt

)
re

du
ct

io
n

st
ep

(Ts
hee

com
 nd

a-c
tho

i-nl
aes

to
clly

a u
psr

eo
douf

c
ree

sf o
acn

ua 
sp)

.
iWc

aet
oon

bs 
oef

rAv
 e

tthh
rao

tu
gin

h
a

r (e
Ad

buc
otr

ito)
nr

se
qu

en
ce

,
an

(A
bo

rt
)

re
du

ct
io

n
st

ep
is

al
w

ay
s

fo
llo

w
ed

by
a

de
co

m
po

si
tio

n
st

ep
(la

st
cl

au
se

of



re
fo

cu
s)

.
A

s
a

sh
or

tc
ut

,
w

e
co

al
es

ce
th

e
tw

o
co

ns
ec

ut
iv

e
tr

an
si

tio
ns

in
to

on
e,

re
pl

ac
-

in
g

th
e

la
st

tw
o

cl
au

se
s

of
re

fo
cu

s
w

ith
th

e
fo

llo
w

in
g

on
e:

re
fo

cu
s

(A
(t

[s
])

,
C

)
=

re
fo

cu
s

(t
[s

],
C

[A
[]

])

•
T

he
co

nf
ig

ur
at

io
n

re
fo

cu
s

(v
,

[]
)

al
w

ay
s

yi
el

ds
th

e
co

nf
ig

ur
at

io
n

re
fo

cu
sa

ux
([

],
v)

,
Tw

hhe
ich

c
tri

gg
er

s
a

nfin
r ae

lf
otrc

uas
ns(

 ivt
i,on

[ ] .
)

A al
sw

a
ysh

so 
yrti

ecl
dus

t,
w

e
c co

oan
lefs

igcu
er

ath
tieo

sen
t re

hrfo
eec

u
cs

on
se

cu
tiv

e
tr

an
si

tio
ns

in
to

on
e

fin
a

l
tr

an
si

tio
n,

re
pl

ac
in

g
th

e
la

st
cl

au
se

o
f

re
fo

cu
sa

ux
w

ith
th

e
fo

llo
w

in
g

on
e:

re
fo

cu
sa

ux
(C

[A
[]

],
v)

=
v

11

3
.6

A
n

e
n

v
ir
o

n
m

e
n

t
m

a
c
h
in

e

Be
ca

us
e

o
f

th
e

tw
o

fir
st

co
m

pr
es

si
on

s
o

f
S

ec
tio

n
3.

5,
re

fo
cu

s
is

no
w

de
fin

ed
by

st
ru

ct
ur

al
in

du
ct

io
n

ov
er

te
rm

s
in

st
ea

d
o

fb
y

st
ru

ct
ur

al
in

du
ct

io
n

ov
er

cl
os

ur
es

.
It

s
ty

pe
ca

n
th

er
ef

or
e

be
re

fin
ed

to
(T

er
m

×Substitution)×Context→Value+(Redex×Context),ineffectunfolding
bcle

os r
uer

fine
se

din
t to

o
a

ete
rmr

m×
aSn

ubd
s

a
usu

tibo
snt

)i×t
uC

tioo
nnt

.e
xW

t →e
th V

aus
lu

er+
ep(

laR
cee

d
eex

a×c
hC

con
lots

eux
rte)

i inn
et h

ffee
cct

o m
unp

fore
lds

sin
egd

de
fin

iti
on

o
fe

va
lu

at
e

an
d

re
fo

cu
s

by
its

un
fo

ld
in

g.
F

la
tte

ni
ng

(T
er

m
×Substitution)×Context

idne
tfoin

iTte
irom

n
o×

f
eSv

uab
lust

aitt
uet

a io
nnd

× re
Cfo

ocn
utse

b xt
y

yitis
elu

 dn
sf

toh
lde

i
nfo

gl.l
oF 

wla
intg

te
nab

inst
gr( 

aTc
etr

mm
×ac

Shu
inb

es:
t

(V
al

ue
)

v
::

=
(λ

t,
s)

(C
on

te
xt

)
C

::
=

[]

|

C
[[

](
t,

s)
]

|

C
[v

[]
]

|
C

[A
[]

]



ev
al

ua
te

ev
al

ua
te

t

re
fo

cu
s

:T
er

m
×Substitution×Context reS

 fuo
cbu

stsi
t(ui

,t
v
1

n·×
×·

×·
vm

,
Cex

t)
re

fo
cu

s
·(·λ

·tv,
s,

C
)

re
fo

cu
s

(t0
t1

,
s,

C
)

re
fo

cu
s

(A
t,

s,
C

)

re
fo

cu
sa

ux
:C

on
te

xt
×Value



r Ce
ofon

ctue
sxa

tux×
(V[

V]a,
uv)e

re
fo

cu
sa

ux
(C

[[
](

t,
s)

],
v)

re
fo

cu
sa

ux
(C

[(λ
t,

s)
[]

],
v)

ref
oc

u(s
Ca

ux
[(

(λtC
,[ A

s)
[[]]

]],
vv)

)

:
T

e
rm

→
V

a
lu

e

=
rTe

efr
om

cu→
 s

→(tV
 ,

•,
[e]

)

→
V

a
lu

e



→=
Vre

aflo
uce

us
(v

i,
C

)
=

re
fo

cu
sa

ux
(C

,
(λ

t,
s)

)
=

re
fo

cu
s

(t0
,s

,
C

[[
](

t1
,s

)])
=

re
fo

cu
s

(t
,

s,
C

[A
[]

])

→
Va

lu
e

→
=

v

=
re

fo
cu

s
(t

,
s,

C
[v

[]
])



=
re

fo
cu

s
(t

,
v

·
s,

C
)

==
v

W
e

ob
se

rv
e

th
at

th
is

m
ac

hi
ne

co
in

ci
de

s
w

ith
th

e
C

E
K

m
ac

hi
ne

ex
te

nd
ed

w
ith

an
ab

or
t

o
p

e
ra

to
r—

a
n

ex
te

ns
io

n
th

a
t

w
as

de
si

gn
ed

as
su

ch
[4

2]
.

In
pa

rt
ic

ul
ar

,
th

e
su

bs
tit

ut
io

n
co

m
po

ne
nt

as
su

m
es

th
e

ro
le

of
th

e
en

vi
ro

nm
en

t.

3
.7

C
o
rr

e
c
tn

e
s
s

W
e

st
at

e
th

e
co

rr
ec

tn
es

s
of

th
e

fin
a
l

re
su

lt—
th

e
C

E
K

m
a
ch

in
e

—
w

ith
re

sp
ec

t
t o

ev
al

ua
tio

n
in

th
e

λ 
bρ

A-
ca

lcu
lu

s.

Tin
h te

hoe
r λe

ρ m
bA

1-c.a
Fco

ulru
sa

n.y
cl

os
ed

te
rm

t
in

λ ρ
bA

,

rt[a 
•]n

y→ 
cAl

o∗
s(eλ

dt0t
 )e

e[rs0
m]

i ifn
naλn 

ρ bd
A

Ao
n,l

y
if

ev
al

ua
te

t
=

(λ
t0

,
s0

).

P
ro

of
.

T
he

pr
oo

f
re

lie
s

on
th

e
co

rr
ec

tn
es

s
of

re
fo

cu
si

ng
[3

6]
,

an
d

th
e

(t
ri
vi

a
l)

m
ea

ni
ng

pr
es

er
va

tio
n

o
f

ea
ch

of
th

e
su

bs
eq

ue
nt

tr
an

sf
or

m
at

io
ns

.

T
he

th
eo

re
m

st
at

es
th

at
th

e
C

E
K

m
ac

hi
ne

is
co

rr
ec

t
in

th
e

se
ns

e
th

a
t

it
co

m
pu

te
s

cl
os

ed
w

ea
k

he
ad

no
rm

al
fo

rm
s,

an
d

th
a
t

it
re

al
iz

es
th

e
ap

pl
ic

at
iv

e-
or

de
r

st
ra

te
gy

in
th

e
λ ρ

bA
-

cwa
elac

uklu
h e

s,a
dwn

 ho
icrh

m
ma

la k
foe

rsm
ist,

aa
ncd

alt 
lh-b

ayt
-vi 

atlu
r ee

a
lmi

zae
csh

t ih
nee

a[7p
p0]l

l.i
aFt

uiv
ret-

hoe
rrd

me
orr

s e
t,

aea
tecg

hy
oi n

f
t th

hee
iλ n

bρ 
tAer

--
mw

eea
dki

ath
 ee

adb
s n

tora
rmc

ta
ml 

fao
crh

min
se,

sa
nisd

at l
hso

a
tc i

otrr
r ee

cat
l

izw
eis

tht
hre

es 
pap

ecp
tl

tcao
t

civa
el-l

o-b
rdy

-ev
rals

 ute
ra

tee
vag

lyu
i an

tiot
 nh

e
einλ

ρtA
he-

λ 
bρ

A-
ca

lcu
lu

s.



λ3 b
ρ.A

8
C

lc
uo

ln
us

c.
lu

si
on

W
e

ha
ve

pr
es

en
te

d
a

de
ta

ile
d

an
d

sy
st

em
at

ic
de

riv
at

io
n

of
an

ab
st

ra
ct

m
ac

hi
ne

fo
r

ca
ll-

by
-

va
lu

e
ev

al
ua

tio
n

in
th

e
λ-

ca
lc

ul
us

w
 it

h
an

ab
or

t
op

er
at

io
n.

W
e

st
ar

te
d

fr
o
m

th
e

sp
ec

ifi
ca

-
tio

n
o

f
th

e
ap

pl
ic

at
iv

e-
or

de
r

re
du

ct
io

n
st

ra
te

gy
in

th
e

λ 
bρ

-c
al

cu
lu

s
w

 it
h

an
ab

or
t

op
er

at
io

n
tain

odn
ow

fe
hfin

eis
 ah

pep
dli

cw
atit

ivh
a-o

frod
rem

rar
 el

dco
urc

rtei
osn

pos
 ntd

rae
nte

cge
y

b ie
ntw

t he
een

λ
ρth-

cea
lcca

ulc
luu

slu
 ws

i
tah

n d
a

ntb
a e

b
oar

bts
to r

pae
crta

m
tio

an
-

tcih
oin

neo
 .

12
In

th
e

ne
xt

si
x

se
ct

io
ns

,
w

e
ap

pl
y

th
e

sa
m

e
m

et
ho

d
in

a
va

rie
ty

o
f

co
m

p
u

ta
tio

n
a

l
si

tu
at

io
ns

,
ea

ch
o

f
w

hi
ch

ha
s

be
en

se
pa

ra
te

ly
st

ud
ie

d
an

d
re

po
rt

ed
in

th
e

lit
e
ra

tu
re

.
O

ur
pr

es
en

ta
tio

n
is

st
ru

ct
ur

ed
ar

ou
nd

fo
ur

el
em

en
ts

:
la

ng
ua

ge
,

n
o
tio

n
of

co
nt

ex
t-

se
ns

iti
ve

re
du

ct
io

n,
ab

st
ra

ct
m

ac
hi

ne
,

an
d

fo
rm

a
l

co
rr

es
po

nd
en

ce
.

T
he

re
st

is
m

ec
ha

ni
ca

l
an

d
th

er
ef

or
e

om
itt

ed
.

4
Th

e
λ 

bρ
K-

ca
lcu

lu
s

T
he

KT
rih

vie
ne

λm
 bρ

aK
chi

-nc
e

aisl
cp

uro
lbu

ab
sly

th
e

be
st

-k
no

w
n

ab
st

ra
ct

m
ac

hi
ne

im
pl

em
en

tin
g

th
e

no
rm

aT
l-o

hr
de

er
λre

 ρb
dK

uct
-ico

na
slc

tra
ute

lgu
ys

in
th

e
λ-

ca
lc

ul
us

[3
0]

.
In

ou
r

pr
ev

io
us

w
or

k
[8

],
w

e
ha

ve
po

in
te

d
ou

t
th

a
t

Kr
iv

in
e’

s
o
ri
g
in

a
l

m
ac

hi
ne

[5
9]

do
es

no
t

co
in

ci
de

w
ith

th
e

K
ri
vi

n
e

M
ac

hi
ne

A
s

W
e

K
no

w
It

[2
1,

23
]

in
th

a
t

it
im

pl
em

en
ts

ge
ne

ra
liz

ed
in

st
ea

d
o

f
or

di
na

ry
β

-r
ed

uc
tio

n:
in

de
ed

K
riv

in
e’

s
m

ac
hi

ne
re

du
ce

s
th

e
te

rm
(λ

λt
)

t1
t2

in
on

e
st

ep
w

he
re

as
th

e
K

ri
vi

n
e

m
a-



ch
in

e
re

du
ce

s
it

in
tw

o
st

ep
s.

F
ur

th
er

m
or

e,
an

ex
te

ns
io

n
o

ft
he

ar
ch

iv
al

ve
rs

io
n

of
K

riv
in

e’
s

m
ac

hi
ne

[6
0,

S
ec

tio
n

3]
al

so
ca

te
rs

fo
r

ca
ll/

cc
(n

ot
ed

K
be

lo
w

)
.

cIh
ni

o
u
r

0pr
,e S

vei
cot

uio
s

nw
3 o

]rak
s[8o

],
w

e
shf

 ao
vre

cpa
rlel

/sc
ecn

t( e
ndo

tteh
de

Kca
b lc

eul
lou

ws)
.c

or
re

sp
on

di
ng

to
th

e
or

ig
-

in
a

l
ve

rs
io

n
of

K
riv

in
e’

s
m

ac
hi

ne
.

T
h
is

m
ac

hi
ne

us
es

cl
os

ur
es

an
d

an
en

vi
ro

nm
en

t
an

d
co

rr
es

po
nd

in
gl

y,
th

e
ca

lc
ul

us
is

on
e

o
f

ex
pl

ic
it

su
b

st
itu

tio
n

s,
λ ρ

b.
rHe

sep
reo

,n
wd

ie
n

pgl
rye

,se
t nh

te
thc

 ae
lc

cua
llcu

usl
i us

s
ocn

oer
ro 

efs
p e

oxn
pdl

iicn
itg

tsuo
bb

thst
eit

aur
tcih

oni
vsa

,lλ
λv 

ρb
e.r

sio
n

o
fK

riv
in

e’
s

m
ac

hi
ne

cw
oirt

hre
sK

p.
nT

dhi
ins

gm
lya

,ct 
hhi

nee
c

aal
lcso

u
luu

ss
ei 

ss
sco

 lon
seu

o re
fse

eax
npd

li
ac

in
t

es 
nuv

bis
rto

intm
ute

ion
nts

.
,C

λ 
oρ

 b
r.r

es
po

nd
ing

ly,
th

e
ca

lc
ul

us
iws

on
e

o.fT
ehx

ips
lim

 cia
tc

hsi
unb

esa
 tilt

suo
tiu 

osn
ess

, c
λlob

 ρs
Kur.

sW
a en

db 
uan

ilde
on

to
p

eof
n

tK.C
 riv

oirn
ree

s’s
p

ola
nnd

giu
nag

lgy
e,

toh
fe

t ec
ram

lcus
lub

ys
sis

p o
ecn

iefy
 ion

fge
xsp

ynl
icta

itct
s iu

c
bca

stti
etu

gto
rioi

nes
s

,oλ
fρ

bcK
los.

urW
 ese

ab 
nud

il
dsu

 bo
nst

t ito
up

tioo
 nf

sK
ar

isv
sin

heo
w’

snl
abn

egl
ouw

ag.
eTo

 hfe
t

cer
am

lcu
slb

 uy
s

iiss
ot i

ned
e

oto
f

eax
ppa

lirc
tiitc

u s
lua

brs
rte

itdu
utc

ioti
no

sn,
λst 

bρ
raK

t.eg
 Wy

.e
Hb

 eu
riel

d,
l oi

kne
tKo

priv
o in

fe K
,

rw
ive

i
nco

e’n
ssil

 da
ner

g
tua

heg
eno

o fr
mt 

ear
l-m

ors
db 

eyr
re

du
ct

io
n

st
ra

te
gy

an
d

th
er

ef
or

e
ca

ll
by

na
m

e
[7

0]
.

4
.1

T
h
e

la
n
g
u
a
g
e

o
f

λ 
ρ

bK

T
he

ab
sT

trh
ae

ct
lsa

ynn
tga

xu
aof

g
teh

eo
lfan

λ g
ρ 

buK
age

is
as

fo
llo

w
s:

(t
er

m
s)

t
::

=
i

|
λn

t
|

t
t

|
K

t

(c
lo

su
re

s)
c

::
=

t[s
]

|
c

c
|

K
c

|
pC

q

(v
al

ue
s)

v
::

=
(λ

nt
)[

s]
|

pC
q

(s
ub

st
itu

tio
ns

)
s

::
=

•
|

c
·
s

(r
ed

uc
tio

n
co

nt
ex

ts
)

C
::
=

[]
|

C
[[

]c
]

|

C
[K

[
]]

A
ne

st
ed

λ-
ab

st
ra

ct
io

n
of

th
e

fo
rm

λn
t

is
to

be
un

de
rs

to
od

as
a

sy
nt

ac
tic

ab
br

ev
ia

tio
n

fo
r

|λ
λ.

{ z
..λ

} t
,

w
he

re
t

is
no

t
a

λ-
ab

st
ra

ct
io

n.
{n

z



I|n
{λz

bρ 
K },

a
va

lu
e

is
ei

th
er

a
cl

os
ur

e
w

ith
a

λ-
ab

st
ra

ct
io

n
in

th
e

te
rm

p
a
rt

,
or

th
e

re
pr

es
en

-
tIan

tiλ o
ρ bn

K
o,fa

aav
rae

ldu
uec

i ts
ioe

 nit
che

onr
ta e

xc 
tl

csu
apr

teu
w r

eid
th

b a
y

λK-a
.

4
.2

N
o
ti
o
n

o
f

c
o
n
te

x
t-

s
e
n
s
it
iv

e
re

d
u
c
ti
o
n

T
he

no
tio

n
of

re
du

ct
io

n
is

sp
ec

ifi
ed

by
th

e
se

t
o

f
ru

le
s

sh
ow

n
be

lo
w

.
T

he
ru

le
s

(V
ar

)
an

d
(P

ro
p)

ar
e

as
in

th
e

λ 
bρ

-c
al

cu
lu

s,
an

d
(B

et
a+

)
su

pe
rs

ed
es

th
e

(B
et

a)
ru

le
by

pe
rf

or
m

in
g

a
g(P

enr
oer

pa)
li a

zre
ed

aβ
s-ir 

ned
t uh

ceti
λ oρ

n b-
cina

co
un

le
u

sst,
e a

pn:

(V
ar

)
hi

[c
1

··
·c

j],
C

i
→

K
hc

i,
C

i
if
i

≤
j

(B
et

a+
)

h(
λn

t)
[s

],
C

[[.
..

[[
]c

n]
..

.]
c1

]i
→

K
ht

[c
1

·
·

·
cn

·
s]

,
C

i

(B
et

aC
)

hp
C0

q,
C

[[
]c

]i
→

K
hc

,
C

0i

13

(P
ro

p)
h(

t0
t1

)[
s]

,
C

i
→

K
h(

t0
[s

])
(t

1
[s

]),
C

i

(P
ro

pK
)

h(
K

t)
[s

],
C

i
→

K
hK

(t
[s

])
,

C
i

(K
λ)

hK
((

λt
)[

s]
),

C
i

→
K

ht
[p

C
q

·
s]

,
C

i

(K
C

)
hK

pC
0q

,
C

i
→

K
hp

C0
q

pC
q,

C
i

T
he

th
re

e
la

st
ru

le
s

ac
co

un
t

fo
r

ca
ll/

cc
:

th
e

fir
st

is
an

or
di

na
ry

pr
op

ag
at

io
n

ru
le

,
an

d
th

e
tw

o
ot

he
rs

de
sc

rib
e

a
co

nt
in

ua
tio

n
ca

pt
ur

e.
In

th
e

fir
st

ca
se

,
th

e
cu

rr
en

t
co

nt
in

ua
tio

n
is

ca
pt

ur
ed

an
d

pa
ss

ed
to

a
fu

nc
tio

n,
an

d
in

th
e

se
co

nd
,

it
is

ca
pt

ur
ed

an
d

pa
ss

ed
to

an
al

re
ad

y
ca

pt
ur

ed
co

nt
in

ua
tio

n.



4
.3

K
ri
v
in

e
’
s

m
a
c
h
in

e

R
ef

oc
us

in
g,

co
m

pr
es

si
ng

th
e

in
te

rm
ed

ia
te

tr
an

si
tio

ns
,

an
d

un
fo

ld
in

g
th

e
da

ta
ty

pe
of

cl
o-

su
re

s
m

ec
ha

ni
ca

lly
yi

el
ds

th
e

fo
llo

w
in

g
en

vi
ro

nm
en

t-b
as

ed
m

ac
hi

ne
:

hi,
s
,

C
i

⇒
K

hi,
s
,

C
i

⇒
K

hλ
nt,

s
,

C
i

⇒
K

ht0
t1

,s
,

C
i

⇒
K

hK
t,

s
,

C
i

⇒
K



h[
],

vi
⇒
K

hC
[[.

..
[[

]c
n]

..
.]

c1
],

(λ
nt

,
s)

i
⇒
K

hC
[[

](
t,

s)
],

pC
0q

i
⇒
K

hC
[[

]p
C0

0q
],

pC
0q

i
⇒
K

hC
[K

[
]],

vi
⇒
K

ht
0,

s0,
C

i
if

s
(i
)

=
(t

0
,

s0
)



hC
,

pC
0q

i
if

s(
i)

=
pC

0q
hC

,
(λ

nt
,

s)
i

ht0
,s

,
C

[[
](

t1
,s

)]
i

ht
,

s,
C

[K
[

]]
i

v



ht
,

c
1

··
·c

n
·s

,
C

i

ht
,

s,
C

0i

hC
0,

pC
00

qi

hC
[[

]
pC

q]
,

v
i

T
hi

s
m

ac
hi

ne
co

in
ci

de
s

w
ith

th
e

ex
te

ns
io

n
of

K
riv

in
e’

s
m

ac
hi

ne
w

ith
K

—
a

n
ex

te
ns

io
n

Tw
hhi

icsh
m

w
as

din
ees

igc 
noi

end
c

as
ssu

w c
hit

han
t dh

eno
e tx

cto
enn

sni
eon

cte
o d

f
t K

o
an

y
ec’

aslc
m u

lauc
sh

[in6
0e,

wS
ietc

htio
K n

—
—3]a

.

4
.4

F
o

rm
a

l
c
o

rr
e

s
p

o
n

d
e

n
c
e

P
ro

p
o

s
it
io

n
4
.

F
or

an
y

te
rm

t
in

th
e

λ
 b

ρK
-c

al
cu

lu
s,

tn[y
•]

→er
mK

∗
tv

nift
hae

n dλ
ρoK

n-ly
c

ilfc
uht

s,
•,

[]
i

⇒K
∗

v.



T
he

λ 
bρ

K-
ca

lc
ul

us
th

er
ef

or
e

di
re

ct
ly

co
rr

es
po

nd
s

to
th

e
ar

ch
iv

al
ve

rs
io

n
of

Kr
iv

in
e’

s
m

a-
Tch

hie
neλ

wbρ
 Kit

h-c
cal

acl
lu/l

cus
c.

5
Th

e
λ 

bρ
µ-

ca
lcu

lu
s

In
th

isT
sh

ec
eti

on
 λ

wρ
 be

µ
p-r

ce
sa

en
ltc

au
cla

ulc
su

lus
of

cl
os

ur
es

th
a

t
ex

te
nd

s
Pa

rig
ot

’
s

λµ
-c

al
cu

lu
s

[6
9]

an
d

th
e

co
Trr

eh
sp

eo
nλ

 d 
ibρ

ng
µ

c-c
all

a-b
lyc

-un
alm

ue
s

ab
st

ra
ct

m
ac

hi
ne

ob
ta

in
ed

by
re

fo
cu

si
ng

.
W

e
w

an
t

to
co

m
pa

re
ou

r
de

riv
ed

ab
st

ra
ct

m
ac

hi
ne

w
ith

a
n

ex
is

tin
g

on
e

de
si

gn
ed

by
de

G
ro

ot
e

[3
8]

an
d

th
er

ef
or

e
w

e
ad

ap
t

hi
s

sy
nt

ax
,

w
hi

ch
di

ffe
rs

fr
om

Pa
rig

ot
’

s
in

th
a

t
a

rb
itr

a
ry

te
rm

s
ca

n
be

ab
st

ra
ct

ed
by

µ(notonlynamedones).Inaddition,deGroote
pr

es
en

ts
a

ca
lc

ul
us

o
f

ex
pl

ic
it

su
bs

tit
ut

io
ns

b
u

ilt
o

n
to

p
o
f

th
e

λµ
-c

al
cu

lu
s,

an
d

us
es

it
to

pr
ov

e
th

e
co

rr
ec

tn
es

s
of

hi
s

m
ac

hi
ne

.
W

e
sh

ow
th

a
t

a
λ 

bρ
-li

ke
ca

lc
ul

us
o
f

cl
os

ur
es

is
eto

no 
pur

goh
v

eto
t

hm
eo 

cdo
erlr

eec
vta

nlu
esa

stio
o n

f
hiin

s
t m

hea
λh

µin
-ce

a.lc
W 

ule
uss

hao
nwd

tto
h

dtea
r ivλ

 e b
ρ

t-hl
iek

es
c a

am
lce

alu
bss

to r
afc

 ctl
om

sua
crh

esin
 ise

ta
os

pdr
e

Gv
reo

 to
hte

e.

14
T

he
λµ

-c
al

cu
lu

s
is

ty
pe

d,
an

d
su

ita
bl

e
ty

p
in

g
ru

le
s

ca
n

be
gi

ve
n

to
th

e
ca

lc
ul

us
o
f

cl
o-

su
re

s
w

e
pr

es
en

t
be

lo
w

.
T

he
re

du
ct

io
n

ru
le

s
w

e
sh

ow
sa

tis
fy

th
e

su
bj

ec
t

re
du

ct
io

n
pr

op
er

ty
,

an
d

in
co

ns
eq

ue
nc

e,
th

e
m

ac
hi

ne
w

e
de

riv
e

op
er

at
es

o
n

ty
pe

d
te

rm
s.

To
re

m
ai

n
co

nc
is

e,
w

e
o
m

it
a
ll

th
e

ty
p
in

g
co

ns
id

er
at

io
ns

an
d

co
nc

en
tr

at
e

o
n

th
e

sy
nt

ac
tic

co
rr

es
po

nd
en

ce
be

tw
ee

n
th

e
ca

lc
ul

us
an

d
th

e
m

ac
hi

ne
.



5
.1

T
h
e

la
n
g
u
a
g
e

o
f

λ 
ρb

µ

W
e

u
se

T
Tde

h
eB

rl u
aijn

n
gin

uda
icg

ees
f oo

rf
bλ 

obρ
 tµh

th
e

λ-
bo

un
d

va
ria

bl
es

an
d

th
e

µ-
bo

un
d

va
ria

bl
es

.
T

he
tw

o
kin

Td
sh

oe
f

lva
anr

iag
bul

eas
g

ae
re

orf
ep

λ r
ρe

 bs
µe

nte
d

us
in

g
th

e
sa

m
e

se
t

of
in

di
ce

s,
w

hi
ch

le
ad

s
on

e
to

an
ab

st
ra

ct
m

ac
hi

ne
w

ith
on

e
en

vi
ro

nm
en

t
[3

8]
.

A
lte

rn
at

iv
el

y,
w

e
co

ul
d

us
e

tw
o

se
pa

ra
te

se
ts

of
in

di
ce

s,
w

hi
ch

w
 o

ul
d

th
en

yi
el

d
tw

o
en

vi
ro

nm
en

ts
in

th
e

re
su

lti
ng

m
ac

hi
ne

(o
ne

fo
r

ea
ch

ki
nd

o
f

va
ria

bl
e)

.
T

he
ab

st
ra

ct
sy

nt
ax

o
f

th
e

la
ng

ua
ge

is
sp

ec
ifi

ed
as

fo
llo

w
s:

(t
er

m
s)

t
::
=
i

|
λt

|
t
t

|
µ

t
|

[i]
t

(c
lo

su
re

s)
c

::
=

t[s
]

|
c

c

(v
al

ue
s)

v
::
=

(λ
t)

[s
]

(s
ub

st
itu

tio
ns

)
s

::
=

•
|

C
·

s

|

c
·

s

(r
ed

uc
tio

n
co

nt
ex

ts
)

C
::
=

[]
|

C
[[

]c
]

W
e

co
ns

id
er

on
ly

cl
os

ed
λ-

te
rm

s,
an

d
i

≥
0.

B
ou

nd
va

ria
bl

es
ar

e
in

de
xe

d
st

ar
tin

g
w

ith
1,

aW
nde

a
(nfs

ried
ee)

oc
cu

rr
en

ce
o λ

f-
a

vrm
ars

ia,b
a ln

ed
0i

≥in
d 0

i.ca
B to

esu
a

d v
ias

triin
abg

ule
issh

a e
rde

tino
dpe

lex
ved

el
sct

oan
rttii

nng
uaw

 tiit
ohn

(s
im

ila
r

to
t
p

in
A

rio
la

et
a

l.
’s

se
tti

ng
[6

])
.

A
su

bs
tit

ut
io

n
is

a
no

n-
em

pt
y

se
qu

en
ce

o
fe

ith
er

cl
os

ur
es

—t
o

be
su

bs
tit

ut
ed

fo
r

λ-
bo

un
d

va
ria

bl
es

,
or

ca
pt

ur
ed

re
du

ct
io

n
co

n
te

xt
s—

to
be

us
ed

w
 h

en
ac

ce
ss

in
g

µ-
bo

un
d

va
ria

bl
es

.
P

ro
gr

am
s

ar
e

cl
os

ur
es

o
ft

he
fo

rm
t[

[]
·

•]
,w

he
re

th
e

em
pt

y
co

nt
ex

t
is

to
be

su
bs

tit
ut

ed
fo

r
tPh

reo
gtro

apm
levs

a e
lr

eco
c n

lots
inu

ura
est

ioo
 nft

vha
er i

fao
brm

le
t0[[

.

5
.2

N
o
ti
o
n

o
f

c
o
n
te

x
t-

s
e
n
s
it
iv

e
re

d
u
c
ti
o
n



T
he

no
tio

n
of

re
du

ct
io

n
ex

te
nd

s
th

at
of

th
e

λ ρ
b

w
ith

tw
o

ru
le

s:
(M

u)
,

w
hi

ch
ca

pt
ur

es
th

e
Ten

hte
iren

orte
ido

nuc
o ti

fon
r e

dco
ucn

ttie
oxn

t
eax

ntde
sdto

sr t
ehs

a
itt

inf
thhe

e λ
s b

ρuw
 bs

ittih
tut 

twio
onr

,
aln

esd
:

((R
Mh

uo)
),,

ww
hhi

icch
h

rae
pitn

usr
tea

ste
t sh

ae
Tca

hpe
tun

 roe
tdio

cno
on 

fter
 xe

td
u w

chte
inon

nae
xco

ten
tnid

nsu
 att

hia
otn

vfat
 rhie

abλ
 leρ

 b
iws

aith
ppt

 liw
eod

:

(B
et

a)
h(

λt
)[s

],
C

[[
]c

]i
→

µ
ht

[c
·
s]

,
C

i

(V
ar

)
hi

[s
],

C
i

→
µ

hc
,

C
i

if
s(

i)
=

c

(P
ro

p)
h(

t0
t1

)[
s]

,
C

i
→

µ
h(

t0
[s

])
(t

1
[s

]),
C

i
(M

u)
h(

µt
)[

s]
,

C
i

→
µ

ht
[C

·
s]

,
[]
i

(R
ho

)
h(

[i]
t)[

s]
,

[]
i

→
µ

ht
[s

],
C

i
if

s(
i)

=
C

5
.3

A
n

e
v
a

l/
a

p
p

ly
a

b
s
tr

a
c
t

m
a

c
h

in
e

R
ef

oc
us

in
g,

co
m

pr
es

si
ng

th
e

in
te

rm
ed

ia
te

tr
an

si
tio

ns
,

an
d

un
fo

ld
in

g
th

e
da

ta
ty

pe
of

cl
o-

su
re

s
m

ec
ha

ni
ca

lly
yi

el
ds

th
e

fo
llo

w
in

g
en

vi
ro

nm
en

t-b
as

ed
m

ac
hi

ne
:

hλ
t,

s,
C

i
⇒

µ
hC

,
(λ

t,
s)

i

hi
,

s,
C

i
⇒

µ
ht0

,
s0

,
C

i
if

s(
i)

=
(t0

,
s0

)

ht
0

t1
,

s,
C

i
⇒

µ
ht

0,
s,

C
[[

](
t1

,s)]i
hµ

t,
s,

C
i

⇒
µ

ht
,

C
·
s,

[]
i

h[
i]t

,
s,

[]
i

⇒
µ

ht
,

s,
C

i
if

s(
i)

=
C

15
h[

],
v
i

⇒
µ

v



hC
[[

]c
],

(λ
t,

s)
i

⇒
µ

ht
,

c
·
s,

C
i

T
hi

s
m

ac
hi

ne
co

in
ci

de
s

w
ith

de
G

ro
ot

e’
s

fin
a

l
ab

st
ra

ct
m

ac
hi

ne
[3

8,
p.

24
],

ex
ce

pt
th

a
t

in
st

ea
d

of
tr

av
er

si
ng

th
e

en
vi

ro
nm

en
t

as
a

lis
t,

it
di

re
ct

ly
fe

tc
he

s
th

e
rig

ht
su

bs
tit

ut
ee

fo
r

a
gi

ve
n

in
de

x
i.

5
.4

F
o

rm
a

l
c
o

rr
e

s
p

o
n

d
e

n
c
e

P
ro

p
o

s
it
io

n
5

.
F

or
an

y
te

rm
t

in
th

e
λ 

bρ
µ-

ca
lc

ul
us

,

tr[[
aa

]nn
·

y•t]
e→r

mµ
∗

tv
nift

hae
n dλ

ρoµ
n-ly

ca
ilcfu

uhs
t,,

[]
·

•,
[]

i
⇒µ

∗
v.

T
he

λ 
bρ

µ-
ca

lc
ul

us
th

er
ef

or
e

di
re

ct
ly

co
rr

es
po

nd
s

to
de

G
ro

ot
e’

s
ab

st
ra

ct
m

ac
hi

ne
fo

r
th

e
λTµ

he-
caλ

 l b
cρu

µl-u
cas

.l

6
D

el
im

ite
d

co
nt

in
ua

tio
ns

C
on

tin
ua

tio
ns

ha
ve

be
en

di
sc

ov
er

ed
m

ul
tip

le
tim

es
[7

3]
,b

u
t

th
ey

ac
qu

ire
d

th
ei

r
na

m
e

fo
r

de
sc

rib
in

g
j u

m
ps

[8
2]

,
us

in
g

w
ha

t
is

no
w

kn
ow

n
as

co
nt

in
ua

tio
n-

pa
ss

in
g

st
yl

e
(C

P
S

)
[8

0]
.

A
fu

ll-
fle

dg
ed

co
nt

ro
l

op
er

at
or

,
J

[6
2,

84
]

,h
ow

ev
er

,
ex

is
te

d
be

fo
re

C
P

S
,

pr
ov

id
in

g
fir

st
-c

la
ss

co
nt

in
ua

tio
ns

in
di

re
ct

st
yl

e.
C

on
tin

ua
tio

ns
th

er
ef

or
e

ex
is

te
d

be
fo

re
C

P
S

,
an

d
so

on
e

co
ul

d
sa

y
th

at
it

w
as

re
al

ly
C

P
S

th
a

t
w

as
di

sc
ov

er
ed

m
ul

tip
le

tim
es

.
C

on
ve

rs
el

y,
de

lim
ite

d
co

nt
in

ua
tio

ns
,

in
th

e
fo

rm
o

f
th

e
tr

a
d

iti
o

n
a

l
su

cc
es

s
an

d
fa

ilu
re

co
nt

in
ua

tio
ns

[7
6]

,h
av

e
be

en
re

gu
la

rly
us

ed
in

ar
tif

ic
ia

l-i
nt

el
lig

en
ce

pr
og

ra
m

m
in

g
[1

4,
54

,
83

]
fo

r
ge

ne
ra

to
rs

an
d

ba
ck

tr
ac

ki
ng

.
T

he
y

al
so

oc
cu

r
in

th
e

st
ud

y
of

re
fle

ct
iv

e
to

w
er

s
[7

9]
,



w
he

re
th

e
no

tio
ns

of
m

e
ta

-c
o

n
tin

u
a

tio
n

[8
9]

an
d

o
f

“j
um

py
”

vs
.

“p
us

hy
”

co
nt

in
ua

tio
ns

[3
4]

ar
os

e.
A

fu
ll-

fle
dg

ed
de

lim
ite

d
co

nt
ro

l
op

er
at

or
,

#
(p

ro
no

un
ce

d
“p

ro
m

pt
”

),
ho

w
ev

er
,

w
as

in
tr

od
uc

ed
in

de
pe

nd
en

tly
of

C
P

S
an

d
of

re
fle

ct
iv

e
to

w
er

s,
to

su
pp

or
t

op
er

at
io

na
l

eq
ui

va
le

nc
e

in
λ

-c
al

cu
li

w
it
h

fir
st

-c
la

ss
co

nt
ro

l
[4

1,
44

].
O

nl
y

su
bs

eq
ue

nt
ly

w
er

e
co

nt
ro

l
de

lim
ite

rs
co

nn
ec

te
d

to
su

cc
es

s
an

d
fa

ilu
re

co
nt

in
ua

tio
ns

[3
2]

.
T

he
go

al
of

th
is

se
ct

io
n

is
to

pr
ov

id
e

a
un

ifo
rm

ac
co

un
t

o
f

de
lim

ite
d

co
nt

in
ua

tio
ns

.
T

hr
ee

da
ta

po
in

ts
ar

e
in

p
re

s
e

n
c
e

—
a

ca
lc

ul
us

an
d

an
ab

st
ra

ct
m

ac
hi

ne
,

b
o
th

in
ve

nt
ed

by
Fe

lle
is

en
[4

1]
,

an
d

an
ex

te
ns

io
n

of
C

P
S

,
as

di
sc

ov
er

ed
by

D
an

vy
an

d
F

ili
n

sk
i

[3
2]

:

C
a
lc

u
lu

s:
A

s
w

e
sh

ow
be

lo
w

,
an

e
xp

lic
it-

su
b

st
itu

tio
n

s
ve

rs
io

n
o
f

Fe
lle

is
en

’s
ca

lc
ul

us
of

dy
na

m
ic

de
lim

ite
d

co
nt

in
ua

tio
ns

ca
n

be
re

fo
cu

se
d

in
to

hi
s

ex
te

ns
io

n
o
f

th
e

C
E

K
m

ac
hi

ne
,

w
hi

ch
us

es
cl

os
ur

es
an

d
an

en
vi

ro
nm

en
t.

A
b
s
tr

a
c
t

m
a

ch
in

e
:

A
s

w
e

ha
ve

sh
ow

n
el

se
w

he
re

[1
1]

,
Fe

lle
is

en
’s

ex
te

ns
io

n
o
f

th
e

C
E

K
m

ac
hi

ne
is

no
t

in
de

fu
nc

tio
na

liz
ed

fo
rm

(a
t

le
as

t
fo

r
th

e
us

ua
l

no
tio

n
o
f

de
fu

nc
tio

n-
al

iz
at

io
n

[3
5,

72
])

;
it

ne
ed

s
so

m
e

ad
ju

st
m

en
t

to
be

so
,

w
hi

ch
le

ad
s

on
e

to
a

dy
na

m
ic

fo
rm

of
C

P
S

th
a

t
th

re
ad

s
a

st
at

e-
lik

e
tr

a
il

o
f

de
lim

ite
d

co
nt

ex
ts

.

C
P

S
:

D
ef

un
ct

io
na

liz
in

g
D

an
vy

an
d

Fi
lin

sk
i’

s
co

nt
in

ua
tio

n-
ba

se
d

ev
al

ua
to

r
yi

el
ds

an
en

vi
-

ro
nm

en
t-

ba
se

d
m

ac
hi

ne
[7

],
an

d
w

e
pr

es
en

t
be

lo
w

th
e

co
rr

es
po

nd
in

g
ca

lc
ul

us
o
f

st
at

ic
de

lim
ite

d
co

nt
in

ua
tio

ns
.

T
he

sy
nt

ac
tic

co
rr

es
po

nd
en

ce
m

ak
es

it
po

ss
ib

le
to

di
re

ct
ly

co
m

pa
re

(1
)

th
e

ca
lc

ul
i

o
f

dy
na

m
ic

an
d

o
f

st
at

ic
de

lim
ite

d
co

nt
in

ua
tio

ns
,

(2
)

th
e

ex
te

nd
ed

C
E

K
m

ac
hi

ne
an

d
th

e
m

ac
hi

ne
co

rr
es

po
nd

in
g

to
th

e
ca

lc
ul

us
o
f

st
at

ic
de

lim
ite

d
co

nt
in

ua
tio

ns
an

d
to

th
e



co
nt

in
ua

tio
n-

ba
se

d
ev

al
ua

to
r,

an
d

(3
)

th
e

ev
al

ua
to

r
co

rr
es

po
nd

in
g

to
th

e
ex

te
nd

ed
C

E
K

16
m

ac
hi

ne
an

d
th

e
co

nt
in

ua
tio

n-
ba

se
d

ev
al

ua
to

r.
In

ot
he

r
w

or
ds

,
ra

th
er

th
a
n

ha
vi

ng
to

re
la

te
he

te
ro

ge
ne

ou
s

se
m

an
tic

ar
tif

ac
ts

su
ch

as
a

ca
lc

ul
us

w
ith

ac
tu

al
su

b
st

itu
tio

n
s,

an
en

vi
ro

nm
en

t-
ba

se
d

m
ac

hi
ne

,
an

d
a

co
nt

in
ua

tio
n-

ba
se

d
ev

al
ua

to
r,

w
e

ar
e

no
w

in
po

si
tio

n
to

di
re

ct
ly

co
m

pa
re

tw
o

ca
lc

ul
i,

tw
o

ab
st

ra
ct

m
ac

hi
ne

s,
an

d
tw

o
co

nt
in

ua
tio

n-
ba

se
d

ev
al

-
ua

to
rs

.
W

e
ad

dr
es

s
st

a
tic

de
lim

ite
d

co
nt

in
ua

tio
ns

in
S

ec
tio

n
6.

1
an

d
dy

na
m

ic
de

lim
ite

d
co

n-
tin

ua
tio

ns
in

S
ec

tio
n

6.
2.

In
b

o
th

ca
se

s,
w 

e
co

ns
id

er
th

e
le

ft
-t

o
-r

ig
h
t

ap
pl

ic
at

iv
e-

or
de

r
re

du
ct

io
n

st
ra

te
gy

an
d

th
er

ef
or

e
le

ft
-t

o
-r

ig
h

t
ca

ll
by

va
lu

e.

6
.1

T
h
e

λ
 b

ρ
S

-c
a

lc
u

lu
s

T
he

sta
Tn

dh
ae

rdλ
λλ 

bρ-
cSa

-lcc
ual

ulc
s

uisl
ue

xs
te

nd
ed

w
ith

th
e

co
nt

ro
l

op
er

at
or

sh
ift

(w
ri
tt

e
n

S
)

th
a

t
ca

p-
Ttu

hre
ess

ttha
Tne

hcau
errdr

 λeλ 
ρ nb-

tcS
ad-le

ccul
aiml

ulcis
tuei 

dslu
uec

xso
tne

tnin
due

adt
iw o

int
hat 

ndh
e

ewc
 oith

nt
tro

hle
ocp

oen
rtar

too
l

rds
 eh

liifm
ti(t 

we
rr

irte
tse

ent
S(w

)r t
ihtt

aet
nc

ha·p
i  ii-)

tthu
rae

t
sit 

nhi
teia

c liu
zre

rse
nth

te d
ecu

lirm
reit

net
d

dc 
eol

inm
tini

tue
dat

cio
on

nt 
ain

nd
ua

w t
ioit

hn
.

6
.1

.1
T

h
e

la
n
g
u
a
g
e

o
f

λ ρ
bS

T
he

ab
stT

rha
ce

t
sla

ynn
tga

uxa
gof

e
t o

he
f

λla
 bρ

nS
gu

ag
e

is
as

fo
llo

w
s:

(t
er

m
s)

t
::
=
i

|

λt

|

t
t

|

S
t

|
hti

i i

(c
lo

su
re

s)
c

::
=

t[s
]

|

c
c

|

S
c

|
hci

i i
|

pC
q



(v
al

ue
s)

v
::

=
(λ

t)
[s

]
|

pC
q

(s
ub

st
itu

tio
ns

)
s

::
=

•

|

c
·

s
(c

on
te

xt
s)

C
1

::
=

[]
|

C
1[

v
[]

]
|

C
1

[[
]

c]
|

C
1[

S
[

]]
(m

et
a-

co
nt

ex
ts

)
C2

::
=

•

|

C
1

·
C2

F
or

re
ad

ab
ili

ty
,

w
e

w
ri
te

C
1

·
C2

ra
th

er
th

a
n

C2
[hh

 h C
1[

]ii i 
].

T
he

co
nt

ro
l

op
er

at
or

S
ca

pt
ur

es
th

e
cu

rr
en

t
[dhh

  hC
elim

[i] i 
i ti]e

.d
co

nt
ex

t
an

d
re

pl
ac

es
it

w
ith

th
e

em
pt

y
eco

c n
otn

etx
rotl

.
oTp

ehe
ra

cto
orn

tS 
roc

 l
dpe

tlui
mr

eis
te t

rh
eh·ci 

i i
inrr

ieti
nat

ld i
zee

sli
mth

itee
dcu

c ro
ren

nte
tx

dte
a li

nm
dir 

tee
dp

co
nt

ex
t,

tsa
hv 

itnh
ge

tem
hep

tthy
e c

no-
nct

uer
rxe

tn.t
T

on
e

oon
ntto

r
lthd

 ee
lmim

eitta
e-rc

oh h
  h·n

ii i t
ei n

xitt.
lW

ize
hse

nt
a

c c
aup

rrtu
enr

etd
d

edl
eilm

imi
teit

ded
c

ocn
otn

etx
etx

,t
aisv

re
-

su
m

ed
,

th
e

cu
rr

en
t

de
lim

ite
d

co
nt

ex
t

is
sa

ve
d

on
to

th
e

m
et

a-
co

nt
ex

t.
W

he
n

th
e

cu
rr

en
t

de
lim

ite
d

co
nt

ex
t

co
m

pl
et

es
,

th
e

pr
ev

io
us

ly
sa

ve
d

on
e,

if
th

er
e

is
an

y,
is

re
su

m
ed

;
ot

he
rw

is
e,

th
e

co
m

pu
ta

tio
n

te
rm

in
at

es
.

T
hi

s
in

fo
rm

al
de

sc
rip

tio
n

pa
ra

ph
ra

se
s

th
e

de
fin

iti
on

al
in

te
r-

pr
et

er
fo

r
sh

ift
an

d
re

se
t,

w
hi

ch
ha

s
tw

o
la

ye
rs

o
fc

on
tr

ol
—

a
cu

rr
en

t
de

lim
ite

d
co

nt
in

ua
tio

n
(a

ki
n

to
a

su
cc

es
s

co
nt

in
ua

tio
n)

an
d

a
m

et
a-

co
nt

in
ua

tio
n

(a
ki

n
to

a
fa

ilu
re

co
nt

in
ua

tio
n)

,
as

ar
is

es
na

tu
ra

lly
w

he
n

on
e

C
P

S
-t

ra
ns

fo
rm

s
a

di
re

ct
-s

ty
le

ev
al

ua
to

r
tw

ic
e

[3
2]

.
E

ls
e-

w
he

re
[7

],
w

e
ha

ve
de

fu
nc

tio
na

liz
ed

th
is

in
te

rp
re

te
r

in
to

an
en

vi
ro

nm
en

t-
ba

se
d

m
ac

hi
ne

,
w

hi
ch

w
e

pr
es

en
t

ne
xt

.

6.
1.

2
T

h
e

e
v
a

l/
a

p
p

ly
/m

e
ta

-a
p

p
ly

a
b
st

ra
ct

m
a
ch

in
e

T
he

en
vi

ro
nm

en
t-

ba
se

d
m

ac
hi

ne
is

in
“

ev
al

/a
pp

ly
/m

et
a-

ap
pl

y”
fo

rm
(t

o
b
u
ild

on
P

ey
to

n
Jo

ne
s’

s
te

rm
in

ol
og

y
[6

6]
)

be
ca

us
e

th
e

co
nt

in
ua

tio
n

is
de

fu
nc

tio
na

liz
ed

in
to

a
co

nt
ex

t
an

d
th

e
co

rr
es

po
nd

in
g

ap
pl

y
tr

a
n
si

tio
n

fu
nc

tio
n,

an
d

th
e

m
et

a-
co

nt
in

ua
tio

n
is

de
fu

nc
tio

na
liz

ed
in

to
a

m
et

a-
co

nt
ex

t
(h

er
e

a
lis

t
o

f
co

nt
ex

ts
)

an
d

th
e

co
rr

es
po

nd
in

g
m

et
a-

ap
pl

y
tr

a
n
si

tio
n

fu
nc

tio
n:



hi
,s

,
C1

,
C2

i
⇒

S
ht0

,s
0,

C1
,

C2
i

if
s(

i)
=

(t0
,s

0)
hλ

t,
s,

C1
,

C2
i

⇒S
hC

1,
(λ

t,
s)

,
C2

i
ht0

t1
,s

,
C1

,
C2

i
⇒S

ht
0,

s,
C1

[[
](

t1
,

s)
],

C
2i

hS
t,

s
,

C1
,

C2
i

⇒
S

ht
,s

,
C1

[S
[]

],
C2

i
h h h

hti i i
,s

,
C1

,
C2

i
⇒S

ht
,s

,
[]

,
C1

·C
2i

17

h[
],v,

C
2i

⇒
S

hC
1[

[
](

t,
s)

],
v,

C
2i

⇒
S



hC
1[

(λ
t,

s)
[]]

,v
,

C2
i

⇒
S

hC
1[p

C1
0q

[]]
,v

,
C2

i
⇒
S

hC
1[S

[]
],

(λ
t,

s)
,

C2
i

⇒
S

hC
1[S

[]
],

pC
10q

,
C2

i
⇒
S

h•
,

v
i

⇒
S



hC
1

·
C

2,
v
i

⇒
S

hC
2,

vi
ht,

s,
C1

[v
[]

],
C2

i



ht
,

v
·
s,

C1
,

C
2i

hC
10

,
v,

C1
·C

2i
ht

,
pC

1q
·s 

,
[] 

,
C

2i
hC

10
,

pC
1q

,
[]

·
C

2i



v hC
1,

v,
C

2i
W

e
ha

ve
ob

se
rv

ed
th

a
t

th
is

m
ac

hi
ne

is
in

th
e

ra
ng

e
of

re
fo

cu
si

ng
,

tr
a

n
si

tio
n

co
m

pr
es

si
on

,
an

d
cl

os
ur

e
un

fo
ld

in
g

fo
r

th
e

fo
llo

w
in

g
ca

lc
ul

us
λ ρ

bS
.

a6
.n1

d.3
c

uN
roe

tu 
ino

nfo
lodf

in
cg

on
f o

tre
 xt

hte
-sf

 oe
nlls

oiw
tiin

vg
e

cra
elcd

uul
uct

sioλ
 ρ n

bS

T
he

λ 
bρ

S-
ca

lc
ul

us
us

es
tw

o
la

ye
rs

of
co

nt
ex

ts
:

C
1

an
d

C
2

.
A

no
n-

va
lu

e
cl

os
ur

e
is

de
co

m
-

Tpo
hse

edλ
ρinS

t-oc
a
l

rue
lud

esx
u ,

ae
scto

 wn
toe

l xa
ty

Cer
1s,

oafn
 dco

na
t

em
xe

tts
a:-

Cc
 on

tex
t

C
2,

an
d

th
e

n
o
tio

n
o

f
re

du
ct

io
n

is
sTp

hee
cifλ

 i be
ρdS

-bca
y

tchu
leu

fso
 lul

osw
esi

n tg
w

oru
l ale

yse
:



(V
ar

)
hi

[c
1

··
·c

j],
C

1,
C

2i
→

S
hc

i,
C

1,
C

2i
if
i

≤
j

(B
et

a)
h(

(λ
t)[

s]
)

v,
C

1,
C

2i
→

S
ht

[v
·
s]

,
C

1,
C

2i

(B
et

aC
)

hp
C1

0q
v

,C1,
C

2i
→

S
h h

h h
C1

0[v
]i ii 

,
C

1,
C

2i

(P
ro

p)
h(

t0
t1

)[
s]

,
C

1,
C

2i
→

S
h(

t0
[s

])
(t

1
[s

]),
C

1,
C

2i

(P
ro

pS
)

h(
S

t )
[s

],
C

1,
C

2i
→

S
hS

(t
[s

])
,

C
1,

C
2i

(Pr
op

 hh
 h·

i  ii
)

hhh
h  t

i i i[
s],

C
1,

C
2i

→
S

hh 
hh 

t[s]
 i ii,

C
1,

C
2i

(S
λ

)
hS

((
λ

t)[
s]

),
C

1,
C

2i
→

S
ht

[p
C1

q
·s

],
[]

,
C

2i

(S
C

)
hS

pC
10

q,
C

1,
C

2i
→

S
hp

C1
0q

pC
1q

,
[]

,
C

2i

(R
es

et
)

h h 
hhv

i i i,
C

1,
C

2i
→

S
hv

,
C

1,
C

2i

S
in

ce
no

ne
o

f
th

e
co

nt
ra

ct
io

ns
de

pe
nd

s
on

th
e

m
et

a-
co

nt
ex

t,
it

is
ev

id
en

t
th

at
th

e
no

tio
n

of
re

du
ct

io
n

→
S

is
co

m
pa

tib
le

w
ith

m
et

a-
co

nt
ex

ts
,

bu
t

it
is

no
t

co
m

pa
tib

le
w

ith
co

nt
ex

ts
,

odu
f ere

dto
u

cStλ
io

ann
→ d

S
C

.
T

he
h·ii 

i
co

ns
tru

ct
th

er
ef

or
e

de
lim

its
th

e
pa

rts
o

f
no

n-
va

lu
e

cl
os

ur
es

in
wdu

hei
ct h

o
cS

 on
tae

nxd
t-S

 se
ns.

itT
 ivh

ee
rh h

h  e·
i i id

u co
ctnio

sntrs
u

m
ay

oc
cu

r,
da 

ned
li

mp
iatr

stit
 ah

lley
p

rae
rstt

sor
o e

fsn
toh

ne-
vca

olu
me

pc 
atlo

ibs
iulir

ety
s

ion
f

re
du

ct
io

ns
.

In
pa

rt
ic

ul
ar

,
hh 

hh 
t[s] 

i ii
,

C
1,

C
2i

is
de

co
m

po
se

d
in

to
ht

[s
],

[]
,

C
1

·
C

2i
in

th
e

co
ur

se
oref

d
ddu

ecc
toio

mn
pso

.sI 
inti

po 
na

ttoi
cw

ual
ard

rs,
a

[cs
o]n

ii  i
t,e

C x
t-s

en
isii

 tsi
vd 

ee
cre

odm
exp

.o

6.
1.

4
F

o
rm

a
l

co
rr

e
sp

o
n
d
e
n
ce

P
ro

p
o
s
it
io

n
6
.

F
or

an
y

te
rm

t
in

th
e

λ
 b

ρS
-c

al
cu

lu
s,



atn
[•y]

→t e∗
Srm

mv
inf

ath
ned

λo ρ
bnS

ly-
iaf

l
hltu

,
•,

,
[]

,
•i

⇒S
∗

v.

T
he

λ 
bρ

S-
ca

lc
ul

us
th

er
ef

or
e

di
re

ct
ly

co
rr

es
po

nd
s

to
th

e
ab

st
ra

ct
m

ac
hi

ne
fo

r
sh

ift
an

d
re

se
t.

T6.
h1e

.5λ
T-c

hae
lc

uC
luP

sS
t

hhe
riee

froa
rrec

dh 
yire

It
e

ra
tin

g
th

e
C

P
S

tr
a
n
sf

o
rm

a
tio

n
on

a
di

re
ct

-s
ty

le
ev

al
ua

to
r

fo
r

th
e

λ
-c

al
cu

lu
s

gi
ve

s
ris

e
to

a
fa

m
ily

of
C

P
S

ev
al

ua
to

rs
.

A
t

ea
ch

ite
ra

tio
n
,

on
e

ca
n

ad
d

sh
ift

an
d

re
se

t
to

th
e

ne
w

in
ne

r

18
la

ye
r.

T
he

re
su

lt
fo

rm
s

a
C

P
S

hi
er

ar
ch

y
o

f
st

at
ic

de
lim

ite
d

co
nt

in
ua

tio
ns

[3
2,

37
]

w
hi

ch
F

ili
n
sk

i
ha

s
sh

ow
n

to
be

ab
le

to
re

pr
es

en
t

la
ye

re
d

m
on

ad
s

[4
6]

.
R

ec
en

tly
,

K
am

ey
am

a
ha

s
pr

op
os

ed
an

a
xi

o
m

a
tiz

a
tio

n
o

f
th

e
C

P
S

hi
er

ar
ch

y
[5

6]
.

E
ls

ew
he

re
[7

],
w

e
ha

ve
st

ud
ie

d
its

de
fu

nc
tio

na
liz

ed
co

un
te

rp
ar

t
an

d
th

e
co

rr
es

po
nd

in
g

hi
er

ar
ch

y
of

ca
lc

ul
i.

6
.2

T
h
e

λ
 b

ρ
F

-c
a
lc

u
lu

s

T
he

sta
Tn

dh
ae

rdλ
λλ

bρ 
-Fc

al-c
cua

luls
c

ius
ue

xs
te

nd
ed

w
ith

th
e

co
nt

ro
l

op
er

at
or

F
th

a
t

ca
pt

ur
es

a
se

gm
en

t
Tof

h
teh

s e
t

caTn
udrh

raee
rndt

λ
λcρb

 -ocF
natl-c

ecux
atl

lacs
ni ud

sl
euw

xsitt
ehn

tdh
eed

c w
oin

tthr
ot l

h
dee

c li
om

ntir
teo

rl
pr

om
pt

( F
no 

tteh
da

t#c 
)a

pth
tua

rte
isn 

aitis
 ea

gliz
me

esn
a

ne
w

se
gm

en
t

in
th

e
cu

rr
en

t
co

nt
ex

t.

6
.2

.1
T

h
e

la
ng

ua
ge

o
f

λ 
ρb

F

T
he

ab
stT

rha
ce

t
sla

ynn
tga

uxa
gof

e
t o

he
f

λla
 bρ

nF
gu

ag
e

is
as

fo
llo

w
s:



(te
rm

s)
t

::
=
i

|
λt

|
t
t

|
F

t

|

#
t

(c
lo

su
re

s)
c

::
=

t[s
]

|
c

c
|

F
c

|
#

c
|

pC
q

(v
al

ue
s)

v
::
=

(λ
t)[

s]
|

pC
q

(s
ub

st
itu

tio
ns

)
s

::
=

•
|

c
·
s

(r
ed

uc
tio

n
co

nt
ex

ts
)

C
::
=

[]
|

C
[[

]c
]

|
C

[v
[]

]
|

C
[F

[
]]

|
C

[#
[

]]

6.
2.

2
N

o
ti
o

n
o

f
co

n
te

xt
-s

e
n

si
tiv

e
re

d
u
ct

io
n

Th
e

co
nt

ro
l

op
er

at
or

F
ca

pt
ur

es
a

se
gm

en
t

of
th

e
cu

rr
en

t
co

nt
ex

t
up

to
a

m
ar

k.
T

he
Tco

hne
trc 

ool
dte

roli
lmo

 ipt
eer

r
a#to

rse
F ts

a
pmt

uar
rkes

on
tehg

em
ecn

utrr
eo 

nft 
t

hco
en 

ctu
exr

rte.
tW 

cho
net

ne
a

c u
app

tt u
ore

 ad
se

gm
en

t
ise

re
su

m
ed

,
it

is
co

m
po

se
d

w
ith

th
e

cu
rr

en
t

co
nt

ex
t.

F
or

th
e

re
st

,
th

e
no

tio
n

of
re

du
ct

io
n

is
as

us
ua

l:2

(V
ar

)
hi

[c
1

···
cj

],
C

i
→

F
hc

i,
C

i
if
i

≤
j

(B
et

a)
h(

(λ
t)

[s
])

v,
C

i
→

F
ht

[v
·

s]
,

C
i

(B
et

aC
)

hp
C0

qv
,

C
i

→
F

hC
0[

v]
,

C
i

(P
ro

p)
h(

t0
t1

)[
s]

,
C

i
→

F
h(

t0
[s

])
(t

1
[s

]),
C

i

(P
ro

pF
)

h(
F

t )
[s

],
C

i
→

F
hF

(t
[s

])
,

C
i

(P
ro

p#
)

h
(#

t)
[s

],
C

i
→

F
h#

(t[
s]

),
C

i

(F
λ)

hF
((

λt
)[

s]
),

C
[#

C
0]

i
→

F
ht

[p
C0

q
·
s]

,
C

i
tif[

CC
0

qc 
·os

 n]t
,aC

 inis
no

m
ar

k
(F

C
)

hF
 p

C0
0q

,
C

[#
C

0]
i

→
F

hp
C0

0q
pC

0q
,

C
i

pifC
C0

co
nq

t,a
 iC

ns
i

no
m

ar
k



(P
ro

m
pt

)
h#

v,
C

i
→
F

hv
,

C
i

A
lte

rn
at

iv
el

y,
w

e
co

ul
d

sp
ec

ify
th

e
re

du
ct

io
n

ru
le

s
us

in
g

tw
o

la
ye

rs
of

co
nt

ex
ts

,
si

m
ila

rly
to

th
e

λ 
bρ

S-
ca

lcu
lu

s
[7

,1
0,

11
].

T
he

di
ffe

re
nc

e
be

tw
ee

n
th

e
tw

o
ca

lc
ul

i
w

ou
ld

th
en

be
on

ly
tino

tthh
ee

λrub
ρ lS

e
(cB

ale
cta

uC
lu)s

:

(B
et

aC
)

hp
C1

0q
v

,C
1,

C
2i

→
F

hC
10

[v]
,

C
1,

C
2i

w
he

re
th

er
e

is
no

de
lim

ite
r

ar
ou

nd
C0

[v
].

A
s

in
th

e
pr

ev
io

us
ca

se
of

th
e

λ 
bρ

S-
ca

lcu
lu

s,
su

ch
tw

o-
la

ye
re

d
de

co
m

po
si

tio
n

m
ak

es
it

ev[
vid

].e
nA

 t
sti 

hna
tt

hthe
 ep

cre
ovn

iotr
uas

ctc
 iao

sne
r ou

flte
 hs

ear
 λe

ρ b
Sco

-mc
apl

cau
tilb

usl
e,

ws
uitc

hh
th

e
m

et
a-

co
nt

ex
t,

si
nc

e
it

is
is

ol
at

ed
b[v

y]
.tA 

hes
u 

in
se

t
hof

e
pa

rce
ovn

itor
uos

l
cda

esli
em

o fi
tt e

hre
.

2T
he

or
ig

in
al

ve
rs

io
n

of
F

do
es

no
t

re
du

ce
its

a
rg

u
m

e
n

t
fir

st
,

bu
t

its
fo

llo
we

rs
do

.
Th

e
pr

es
en

t
ve

rs
io

n
of

FT
dho

ee s
o

rliik
gein

wai
lsve

hres
iroe

n,
f oo

fr
a

m
o

re
ndo

itrer
 cet

d
cuo

cem
ip ta

sria
 sro

gnu
m w

ient
ht

Sf i.
r

19

6.
2.

3
T

h
e

e
va

l/a
p

p
ly

a
b
st

ra
ct

m
a
ch

in
e

R
ef

oc
us

in
g,

co
m

pr
es

si
ng

th
e

in
te

rm
ed

ia
te

tr
an

si
tio

ns
,

an
d

un
fo

ld
in

g
th

e
da

ta
ty

pe
o

f
cl

o-
su

re
s

m
ec

ha
ni

ca
lly

yi
el

ds
th

e
fo

llo
w

in
g

en
vi

ro
nm

en
t-

ba
se

d
m

ac
hi

ne
:

hi
,

s,
C

i
⇒

F
ht

0,
s0

,
C

i
if

s(
i)

=
(t0

,
s0

)

hλ
t,

s,
C

i
⇒

F
hC

,
(λ

t,
s)

i

ht
0

t1
,

s,
C

i
⇒

F
ht

0,
s,

C
[[

]
(t

1,
s)

]i
hF

 t,
s,

C
i

⇒
F

ht
,

s,
C

[F
[

]]
i



h
#

t,
s,

C
i

⇒
F

ht
,

s,
C

[#
[

]]
i

hC
[[]

(t,
s)]

,v
i⇒

F
ht,

s,
C[v

[] ]
i

hC
[(

λt
,

s)
[]

],
v
i

⇒
F

ht
,

v
·
s,

C
i

hC
[p

C0
q

[]
],

v
i

⇒
F

hC
0

◦
C

,
v
i

hC
[#

C
0[

F
[

]]
],

(λ
t,

s)
i

⇒
F

ht
,

pC
0q

·
s,

C
i

wt,h
 pC

ere
q

C · s
0

c C
on

ita
ins

no
m

ar
k

hC
[#

C
0[

F
[

]]]
,

pC
00

qi
⇒

F
hC

00
◦

C
,

pC
0q

i
wC

he◦
re C

C,p
0

Cc
oq

nit
ain

s
no

m
ar

k

hC
[#

[
]]

,
v
i

⇒
F

hC
,

v
i

T
hi

s
m

ac
hi

ne
co

in
ci

de
s

w
ith

Fe
lle

ise
n’

s
ex

te
ns

io
n

o
ft

he
C

E
K

m
ac

hi
ne

—
an

ex
te

ns
io

n
w

hi
ch

w
as

de
si

gn
ed

as
su

ch
[4

1,
S

ec
tio

n
3]

.

6.
2.

4
F

o
rm

a
l

co
rr

e
sp

o
n
d
e
n
ce

P
ro

p
o

s
it
io

n
7

.
F

or
an

y
te

rm
t

in
th

e
λ 

bρ
F-

ca
lc

ul
us

,

tn[y
•]

→er
mF

∗
tv

nift
hae

n dλ
ρoF

n-ly
c

ilfc
hut,

s
•
,

[]
i

⇒F
∗

v.

T
hi

s
pr

op
os

iti
on

pa
ra

lle
ls

Fe
lle

ise
n’

s
se

co
nd

co
rr

es
po

nd
en

ce
th

eo
re

m
[4

1,
p.

18
6]

.
T

he
λ 

bρ
F-

ca
lc

ul
us

th
er

ef
or

e
di

re
ct

ly
co

rr
es

po
nd

s
to

Fe
lle

ise
n’

s
ex

te
ns

io
n

o
f

th
e

C
E

K
m

ac
hi

ne
.

λ6b
.ρ 2

F.5-
c

cAu
hui

set
 rh

aer
rce

hfo
yr

eod
 fi

cre
ocn

ttly
ro 

col
rdr

ees
lpim

oni
tde

srt 
so



A
s

de
sc

rib
ed

by
S

ita
ra

m
an

d
Fe

lle
is

en
[7

8]
,

on
e

co
ul

d
ha

ve
no

t
on

e
b
u
t

se
ve

ra
l

m
ar

ks
in

th
e

co
nt

ex
t

an
d

ha
ve

co
nt

ro
l

op
er

at
or

s
ca

pt
ur

e
se

gm
en

ts
o
f

th
e

cu
rr

en
t

co
nt

ex
t

up
to

a
pa

rt
ic

ul
ar

m
ar

k.
F

or
th

es
e

m
ar

ks
no

t
to

in
te

rf
er

e
in

pr
og

ra
m

m
in

g
pr

ac
tic

e,
th

ey
ne

ed
to

be
or

ga
ni

ze
d

hi
er

ar
ch

ic
al

ly
,

fo
rm

in
g

a
hi

er
ar

ch
y

o
f

co
nt

ro
l

de
lim

ite
rs

[7
8,

S
ec

tio
n

5]
.

A
lte

rn
a

tiv
e

ly
,

on
e

co
ul

d
ite

ra
te

B
ie

rn
ac

ki
et

al
.’

s
dy

na
m

ic
C

P
S

tr
a
n
sf

o
rm

a
tio

n
[1

1]
to

gi
ve

ris
e

to
a

hi
er

ar
ch

y
of

dy
na

m
ic

de
lim

ite
d

co
nt

in
ua

tio
ns

w
ith

a
fu

nc
tio

na
l

(C
P

S
)

co
un

te
rp

ar
t.

E
xc

ep
t

fo
r

th
e

w
or

k
o
f

G
un

te
r

et
a
l.

[5
0]

an
d

m
or

e
re

ce
nt

ly
o
f

D
yb

vi
g

et
a
l.

[3
9]

,t
h
is

ar
ea

is
lit

tle
ex

pl
or

ed
.

6
.3

C
o
n
c
lu

s
io

n

T
he

sy
nt

ac
tic

co
rr

es
po

nd
en

ce
ha

s
m

ad
e

it
po

ss
ib

le
to

ex
hi

bi
t

th
e

ca
lc

ul
us

co
rr

es
po

nd
-

in
g

t o
st

at
ic

de
lim

ite
d

co
nt

in
ua

tio
ns

as
em

bo
di

ed
in

th
e

fu
nc

tio
na

l
id

io
m

o
f

su
cc

es
s

an
d

fa
ilu

re
co

nt
in

ua
tio

ns
an

d
m

or
e

ge
ne

ra
lly

in
th

e
C

P
S

hi
er

ar
ch

y,
an

d
to

sh
ow

th
a

t
(t

he
e

xp
lic

it-
su

b
st

itu
tio

n
s

ve
rs

io
n

o
f)

Fe
lle

is
en

’s
ca

lc
ul

us
o
f

dy
na

m
ic

de
lim

ite
d

co
nt

in
ua

tio
ns

co
rr

es
po

nd
s

to
hi

s
ex

te
ns

io
n

o
f

th
e

C
E

K
m

ac
hi

ne
[4

1]
.

E
ls

ew
he

re
,

w
e

pr
es

en
t

th
e

ab
st

ra
ct

m
ac

hi
ne

[7
]

an
d

th
e

ev
al

ua
to

r
[3

2]
co

rr
es

po
nd

in
g

to
st

at
ic

de
lim

ite
d

co
nt

in
ua

tio
ns

an
d

an

20
ev

al
ua

to
r

[1
1]

co
rr

es
po

nd
in

g
to

dy
na

m
ic

de
lim

ite
d

co
nt

in
ua

tio
ns

.
W

e
ar

e
no

w
in

po
si

tio
n

to
co

m
pa

re
th

em
po

in
tw

is
e:

•
F

ro
m

a
ca

lc
ul

us
po

in
t

o
f

vi
ew

,
it

se
em

s
to

us
th

a
t

on
e

is
be

tte
r

of
f

w
ith

la
ye

re
d

cFo
ron

tme
xta

 s
cba

elcc
aul

uus
es

pito
iisn

tim
o m

fe 
vdi

iea
wte

,lyi
 t

os 
ebv

eim
ous

s t
ow

hu 
est

ht e
hra

a
noo

net
ioi 

ns
bof

et
rte

ed
ruc

o f
tifo

wn
tish

co
m

pa
t-



ib
le

w
it
h

th
em

(s
ee

S
ec

tio
n

6.
1.

3)
;

a
co

nt
ex

t
co

nt
ai

ni
ng

m
ar

ks
is

le
ss

ea
sy

to
tr

e
a
t.

O
th

er
w

is
e,

th
e

di
ffe

re
nc

e
be

tw
ee

n
st

at
ic

an
d

dy
na

m
ic

de
lim

ite
d

co
nt

in
ua

tio
ns

is
tin

y
(s

ee
S

ec
tio

n
6.

2.
2)

,
an

d
lo

ca
te

d
in

th
e

ru
le

(B
et

aC
)

.

•
F

ro
m

a
m

ac
hi

ne
po

in
t

o
f

vi
ew

,
se

pa
ra

tin
g

be
tw

ee
n

th
e

cu
rr

en
t

de
lim

ite
d

co
nt

ex
t

an
d

tFh
reo

mo
ta h

em
 r

on
es

ies
pal

osio
n

tso
i m

fv p
liee

wr,
as

pita
arv

ato
iind

gs
lbie

nte
wa

re
esn

eat
 rhc

eh 
ecu

s,r
cre

onp
tied

 s,e
laim

ndi
t

ecd
on 

cco
ant

ten
exa

ttia
 on

nds
(i
n

th
is

re
sp

ec
t,

ef
fic

ie
nt

im
pl

em
en

ta
tio

ns
,

e.
g.

,
w

ith
an

A
lg

ol
-s

ty
le

di
sp

la
y,

in
ef

fe
ct

se
pa

ra
te

be
tw

ee
n

th
e

cu
rr

en
t

de
lim

ite
d

co
nt

ex
t

an
d

th
e

ot
he

r
on

es
)

.

•
F

ro
m

th
e

po
in

t
o

f
vi

ew
of

C
P

S
,

th
e

ab
st

ra
ct

m
ac

hi
ne

fo
r

dy
na

m
ic

de
lim

ite
d

co
n-

Fti
rno

um
atit

 oh
ne

s
piso

nno
tt o

ifnv
ide

ew
fun

o fc
t C

ioP
naS

l,iz
t eh

de
a fo

brm
str

awc
the

m r
eaa

csh
tinh

ee
afo

brs
td r

yan
cta

mm
iacc

hd 
ien

lime
fito

re
dst

c a
otn

ic-
de

lim
ite

d
co

nt
in

ua
tio

ns
is

(a
nd

co
rr

es
po

nd
s

to
a

ev
al

ua
to

r
in

C
P

S
)

.
C

on
ve

rs
el

y,
de

-
fu

n
ct

io
n

a
liz

in
g

a
C

P
S

ev
al

ua
to

r
pr

ov
id

es
de

si
gn

gu
id

el
in

es
,

w
he

re
as

w
ith

o
u
t

C
P

S
,

on
e

is
o

n
on

e’
s

ow
n,

an
d

lo
ca

lly
pl

au
si

bl
e

ch
oi

ce
s

m
ay

ha
ve

un
fo

re
se

en
gl

ob
al

co
ns

e-
qu

en
ce

s
w

 h
ic

h
ar

e
th

e
n

ta
ke

n
as

th
e

no
rm

.
T

w
o

ca
se

s
in

p
o

in
t:

1.
in

Li
sp

,
it

w
as

lo
ca

lly
pl

au
si

bl
e

to
pu

sh
b

o
th

fo
rm

a
l

an
d

ac
tu

al
pa

ra
m

et
er

s
at

fu
n

ct
io

n
-c

a
ll

tim
e

,
an

d
to

po
p

th
em

at
re

tu
rn

tim
e

,
b

u
t

th
is

le
d

to
dy

na
m

ic
sc

op
e

si
nc

e
va

ria
bl

e
lo

ok
up

th
e
n

fo
llo

w
s

th
e

dy
na

m
ic

lin
k;

an
d

2.
he

re
,

it
w

as
lo

ca
lly

pl
au

si
bl

e
to

co
nc

at
en

at
e

a
co

nt
ro

l-s
ta

ck
se

gm
en

t
to

th
e

cu
rr

en
t

co
nt

ro
l

st
ac

k
(“

Fr
om

th
is

,
w

e
le

ar
n

th
a

t
an

em
pt

y
co

nt
ex

t
ad

ds
no

in
fo

rm
at

io
n.

”
[4

5,
p

.
58

])
,b

u
t

th
is

le
d

to
dy

na
m

ic
de

lim
ite

d
co

nt
in

ua
tio

ns
si

nc
e

ca
pt

ur
in

g
a

se
gm

en
t

o
f

a
co

nc
at

en
at

ed
co

nt
ex

t
th

e
n

gi
ve

s
ac

ce
ss

to
be

yo
nd

th
e

co
nc

at
en

at
io

n
p

o
in

t.



G
ra

nt
ed

,
a

de
gr

ee
of

dy
na

m
is

m
m

ak
es

it
po

ss
ib

le
to

w
ri
te

co
m

pa
ct

pr
og

ra
m

s
(e

.g
.,

a
co

m
po

si
tio

na
l

br
ea

dt
h-

fir
st

tr
av

er
sa

l
w

ith
ou

t
a

da
ta

-q
ue

ue
ac

cu
m

ul
at

or
an

d
in

di
re

ct
st

yl
e

[1
2]

),
bu

t
it

is
ve

ry
di

ffi
cu

lt
t o

re
as

on
ab

ou
t

th
em

an
d

th
ey

ar
e

no
t

ne
ce

ss
ar

ily
m

or
e

ef
fic

ie
nt

.

•
F

ro
m

th
e

po
in

t
o

f
vi

ew
o

f
ex

pr
es

si
ve

ne
ss

,
fo

r
ex

am
pl

e,
in

Li
sp

,
on

e
ca

n
si

m
ul

at
e

tFh
reo

ms
tat 

thic
e

sc
op

e
oof

f
Svi

ceh
we

mo
 fe

bex
yp

rme
ask

sivi
neg

n
ees

as,
chf

ola
rm

 eb
xad

ma
-pa

lbe
s,tr

i na
c tL

iois
pn

a
“nf

eun
 caa

rng
 ”s

man
udla

tine
S

ch
em

e,
on

e
ca

n
si

m
ul

at
e

th
e

dy
na

m
ic

sc
op

e
o

f
Li

sp
by

th
re

ad
in

g
an

en
vi

ro
nm

en
t

of
flu

id
va

ria
bl

es
in

a
st

at
e-

m
on

ad
fa

sh
io

n.
S

im
ila

rly
,

st
at

ic
de

lim
ite

d
co

nt
in

ua
tio

ns
ca

n
be

si
m

ul
at

ed
us

in
g

dy
na

m
ic

on
es

by
de

lim
iti

ng
th

e
ex

te
nt

o
f

ea
ch

ca
pt

ur
ed

co
nt

in
ua

tio
n

[1
0]

,
an

d
dy

na
m

ic
de

lim
ite

d
co

nt
in

ua
tio

ns
ca

n
be

si
m

ul
at

ed
us

in
g

st
at

ic
on

es
by

th
re

ad
in

g
a

tr
a
il

of
co

nt
ex

ts
in

a
st

at
e-

m
on

ad
fa

sh
io

n
[1

1,
39

,5
8,

77
].

A
s

to
w

hi
ch

sh
ou

ld
be

us
ed

by
de

fa
ul

t,
th

e
qu

es
tio

n
th

en
re

du
ce

s
to

w
hi

ch
be

ha
vi

or
is

th
e

no
rm

an
d

w
 h

ic
h

sh
ou

ld
be

si
m

ul
at

ed
if

it
is

ne
ed

ed
.

In
su

m
m

ar
y,

th
e

ca
lc

ul
i,

th
e

ab
st

ra
ct

m
ac

hi
ne

s,
an

d
th

e
ev

al
ua

to
rs

a
ll

di
ffe

r.
In

on
e

ap
pr

oa
ch

,
co

nt
in

ua
tio

ns
ar

e
dy

na
m

ic
al

ly
co

m
po

se
d

by
co

nc
at

en
at

in
g

th
e

ir
re

pr
e-

se
nt

at
io

ns
[4

5]
an

d
in

th
e

ot
he

r,
co

nt
in

ua
tio

ns
ar

e
st

at
ic

al
ly

co
m

po
se

d
th

ro
ug

h
a

m
et

a-
co

nt
in

ua
tio

n.
Th

es
e

di
ffe

re
nc

es
re

su
lt

fr
om

di
st

in
ct

de
si

gn
s:

Fe
lle

is
en

an
d

hi
s

co
lle

ag
ue

s
st

ar
te

d
fr

o
m

a
ca

lc
ul

us
an

d
w

an
te

d
to

go
“b

ey
on

d
co

nt
in

ua
tio

ns
”

[4
4]

,
an

d
th

er
ef

or
e

be
-

yo
nd

C
P

S
,

w
he

re
as

D
an

vy
an

d
F

ili
n
sk

i
w

 e
re

ai
m

in
g

at
a

C
P

S
ac

co
un

t
o

fd
el

im
ite

d
co

nt
ro

l,
on

e
th

a
t

ha
s

tu
rn

ed
ou

t
to

be
no

t
w

ith
ou

t
pr

ac
tic

al
,

se
m

an
tic

al
,

an
d

lo
gi

ca
l

co
nt

en
t.

2
1



7
St

ac
k

in
sp

ec
tio

n
T

hi
s

se
ct

io
n

ad
dr

es
se

s
F

ou
rn

et
an

d
G

or
do

n’
s

λs
ec

-c
al

cu
lu

s,
w

hi
ch

fo
rm

al
iz

es
se

cu
rit

y
en

-
fo

rc
em

en
t

by
st

ac
k

in
sp

ec
tio

n
[4

7]
.

W
e

fir
st

pr
es

en
t

a
ca

lc
ul

us
of

cl
os

ur
es

b
u

ilt
on

to
p

o
f

th
e

λs
ec

-c
al

cu
lu

s,
an

d
w

e
co

ns
tr

uc
t

th
e

co
rr

es
po

nd
in

g
en

vi
ro

nm
en

t-
ba

se
d

m
ac

hi
ne

.
T

hi
s

m
a-

ch
in

e
is

a
st

or
el

es
s

ve
rs

io
n

of
th

e
fg

m
ac

hi
ne

pr
es

en
te

d
by

C
le

m
en

ts
an

d
Fe

lle
is

en
[1

6,
F

ig
-

ur
e

1]
.

(W
e

co
ns

id
er

th
e

is
su

e
of

st
or

e-
ba

se
d

m
ac

hi
ne

s
in

S
ec

tio
n

8.
)

T
hi

s
m

ac
hi

ne
is

no
t

pr
op

er
ly

ta
il-

re
cu

rs
iv

e,
an

d
so

C
le

m
en

ts
an

d
Fe

lle
is

en
pr

es
en

te
d

an
ot

he
r

m
ac

hi
ne

—
th

e
cm

m
ac

hi
ne

—
w

hi
ch

do
es

im
pl

em
en

t
st

ac
k

in
sp

ec
tio

n
in

a
pr

op
er

ly
ta

il-
re

cu
rs

iv
e

m
an

ne
r

[1
6,

F
ig

ur
e

2]
.

T
he

cm
m

ac
hi

ne
bu

ild
s

on
C

lin
ge

r’
s

fo
rm

al
iz

at
io

n
o
f

pr
op

er
ta

il-
re

cu
rs

io
n

(s
ee

S
ec

tio
n

8)
an

d
it

is
th

er
ef

or
e

st
or

e-
ba

se
d;

w
e

co
ns

id
er

ed
its

st
or

el
es

s
ve

rs
io

n
he

re
,

an
d

w
e

pr
es

en
t

th
e

co
rr

es
po

nd
in

g
ca

lc
ul

us
of

cl
os

ur
es

.
W

e
sh

ow
ho

w
th

e
ta

il-
o

p
tim

iz
a

tio
n

o
f

th
e

cm
m

ac
hi

ne
is

re
fle

ct
ed

in
th

e
ca

lc
ul

us
.

F
in

al
ly

,
w

e
tu

rn
to

th
e

un
zi

pp
ed

ve
rs

io
n

of
th

e
cm

m
ac

hi
ne

[4
]

an
d

w
e

pr
es

en
t

th
e

co
rr

es
po

nd
in

g
st

at
e-

ba
se

d
ca

lc
ul

us
of

cl
os

ur
es

.

7
.1

T
h
e

λ 
ρ

bs
ec

-c
al

cu
lu

s

7
.1

.1
TT

hh
ee

lλa
 b

ρn
gu

ag
e

o
f

λ ρ
bs

ec

(t
er

m
s)

et
o::f

=λ
ρib

|
λt

|
t
t

|
gr

an
t

R
in

t
|

te
st

R
th

en
t

el
se

t
|

R
[t]

|
fa

il

(c
lo

su
re

s)
c

::
=

t[s
]

|
c

c
|

gr
an

t
R

in
c

|

te
st

R
th

e
n

c
el

se
c

|
R

[c
]

(v
al

ue
s)

v
::
=

(λ
t)

[s
]

|
fa

il
(s

ub
st

itu
tio

ns
)

s
::
=

•
|

c
·

s



(r
ed

uc
tio

n
co

nt
ex

ts
)

C
::
=

[]

|

C
[[

]c
]

|

C
[v

[]
]

|
C

[g
ra

nt
R

in
[]

]

|

C
[R

[[
]]]

(p
er

m
is

si
on

s)
R

⊆
P

T
he

se
t

o
f

te
rm

s
co

ns
is

ts
o

f
λ-

te
rm

s
an

d
fo

ur
co

ns
tru

ct
s

fo
r

ha
nd

lin
g

di
ffe

re
nt

le
ve

ls
o

f
se

-
cu

rit
y

sp
ec

ifi
ed

in
a

se
t
P

:
gr

an
t

R
in

t
gr

an
ts

th
e

pe
rm

is
si

on
s

R
to

t;
te

st
R

th
en

t0
el

se
t1

cpu
rorc

itey
e s

dps
ct o

if
eev

da 
ilnu

aa 
tes 

e
t0

i:f
pe

rm
is

si
on

s
R

ar
e

av
ai

la
bl

e,
an

d
ot

he
rw

is
e

t1
;

a
fr

am
e

R
[t]

re
st

ric
ts

th
e

pe
rm

is
si

on
s

o
f

t
to

R
;

an
d

fin
al

ly
,
fa

il
ab

or
ts

th
e

co
m

pu
ta

tio
n.

7.
1.

2
N

o
ti
o
n

o
f

co
n
te

xt
-s

e
n
si

tiv
e

re
d
u
ct

io
n

G
iv

en
th

e
pr

ed
ic

at
e

O
Ks

ec
(R

,
C

)
ch

ec
ki

ng
w

he
th

er
th

e
pe

rm
is

si
on

s
R

ar
e

av
ai

la
bl

e
w

ith
in

tGh
iev

ecn
on 

tthe
ext

 p
Ce

d,

O
K

se
c(

∅
,C

)
O

K
se

c(
R

,[]
 )

O
K

se
c(

R
,

C
)

O
K

se
c(

R
,

C
)

O
K

se
c(

R
,C

[[]
 c

 ])
O

K
se

c(
R

,C
[v

[ ]
 ])

R
⊂

R0
O

K
se

c(
R

,
C

)
O

K
se

c(
R

\
R

0,
C

)
O

K
se

c(
R

,C
[R

0
[[

 ]
]]

)
O

K
se

c(
R

,C
[g

ra
n

tR
0

in
[]

 ]
)

th
e

no
tio

n
o

f
re

du
ct

io
n

is
gi

ve
n

by
th

e
fo

llo
w

in
g

se
t

o
f

ru
le

s:

(V
ar

)
hi

[v
1

··
·v

j]
,

C
i

→s
ec

hv
i,

C
i

if
i

≤
j

(B
et

a)
h(

(λ
t)

[s
])

v,
C

i
→s

ec
ht

[v
·

s]
,

C
i

(P
ro

p)
h(

t0
t1

)[
s]

,
C

i
→s

ec
h(

t0
[s

])
(t

1
[s

]),
C

i



(P
ro

pG
)

h(
gr

an
t

R
in

t)
[s

],
C

i
→
s
e
c

hg
ra

nt
R

in
t[s

],
C

i

(P
ro

pF
)

h(
R

[t]
)[

s]
,

C
i

→
s
e
c

hR
[t[

s]
],

C
i

22

(P
ro

pT
)

h(
te

st
R

th
en

t0
el

se
t1

)[
s]

,
C

i
→
s
e
c

ht
es

t
R

th
en

t0
[s

]
el

se
t1

[s
],

C
i

(F
ra

m
e)

hR
[v

],
C

i
→
s
e
c

hv
,

C
i

(G
ra

nt
)

hg
ra

nt
R

in
v,

C
i

→
s
e
c

hv
,

C
i

(T
es

t1
)

ht
es

t
R

th
en

c
1

el
se

c
2

,
C

i
→
s
e
c

hc
1,

C
i

if
O

Ks
ec

(R
,

C
)

(T
es

t2
)

ht
es

t
R

th
en

c
1

el
se

c
2

,
C

i
→
s
e
c

hc
2

,
C

i
ot

he
rw

is
e

(F
ai

l)
h

fa
il[

s]
,

C
i

→
s
e
c

h
fa

il,
[]

i

T
he

on
ly

co
nt

ex
t-

se
ns

iti
ve

ru
le

s
ar

e
(T

es
t1

)
an

d
(T

es
t2

)
,

w
hi

ch
pe

rf
or

m
a

re
du

ct
io

n
st

ep
af

te
r

in
sp

ec
tin

g
th

e
en

tir
e

co
nt

ex
t

C
,

an
d

(F
ai

l)
w

hi
ch

ab
or

ts
th

e
co

m
pu

ta
tio

n.

7.
1.

3
A

n
e

va
l/a

p
p

ly
a

b
st

ra
ct

m
a

ch
in

e

R
ef

oc
us

in
g,

co
m

pr
es

si
ng

th
e

in
te

rm
ed

ia
te

tr
an

si
tio

ns
,

an
d

un
fo

ld
in

g
th

e
da

ta
ty

pe
o

f
cl

o-
su

re
s

m
ec

ha
ni

ca
lly

yi
el

ds
th

e
fo

llo
w

in
g

en
vi

ro
nm

en
t-

ba
se

d
m

ac
hi

ne
:

hi
,

s,
C

i
⇒
s
e
c

hC
,

s
(i
)i



hλ
t,

s,
C

i
⇒
s
e
c

hC
,

(λ
t,

s)
i

ht
0

t1
,

s,
C

i
⇒s

ec
ht

0,
s,

C
[[

](
t1

,
s)

]i

hg
ra

nt
R

in
t,

s,
C

i
⇒
s
e
c

ht
,

s,
C

[g
ra

nt
R

in
[]

]i

ht
es

t
R

th
en

t0
el

se
t1

,
s,

C
i

⇒
s
e
c

ht
0,

s,
C

i
if

O
K

se
c(

R
,

C
)

ht
es

t
R

th
en

t0
el

se
t1

,
s,

C
i

⇒
s
e
c

ht
1,

s,
C

i
ot

he
rw

is
e

h
fa

il,
s,

C
i

⇒
s
e
c

fa
il

hR
[t]

,
s,

C
i

⇒
s
e
c

ht
,

s,
C

[R
[[

]]
]i

h[
],

v
i

⇒
s
e
c

v

hC
[[

](
t,

s)
],

v
i

⇒
s
e
c

ht
,

s,
C

[v
[]

]i

hC
[(

λt
,

s)
[]

],
v
i

⇒
s
e
c

ht
,

v
·
s,

C
i

hC
[g

ra
nt

R
in

[]
],

v
i

⇒
s
e
c

hC
,

v
i

hC
[R

[[
]]]

,
v
i

⇒
s
e
c

hC
,

v
i

T
hi

s
m

ac
hi

ne
is

a
st

or
el

es
s

ve
rs

io
n

o
f

C
le

m
en

ts
an

d
Fe

lle
ise

n’
s

fg
m

ac
hi

ne
[1

6,
F

ig
ur

e
1]

.

7.
1.

4
F

o
rm

a
l

co
rr

e
sp

o
n
d
e
n
ce

P
ro

p
o
s
it
io

n
8
.

F
or

an
y

te
rm

t
in

th
e

λ 
bρ

se
c-

ca
lcu

lu
s,

atn[
•y]

t→er
∗sm

ec
tv

nift
hae

n dλ
ρo

nly
if

ht
,

•,
[]

i
⇒s

∗e
c

v.

T
he

λ 
ρb

se
c-

ca
lcu

lu
s

th
er

ef
or

e
di

re
ct

ly
co

rr
es

po
nd

s
to

th
e

st
or

el
es

s
ve

rs
io

n
o

ft
he

fg
m

ac
hi

ne
.



7
.2

P
ro

p
e
rl
y

ta
il
-r

e
c
u
rs

iv
e

s
ta

c
k

in
s
p
e
c
ti
o
n

O
n

th
e

gr
ou

nd
th

a
t

th
e

fg
m

ac
hi

ne
is

no
t

pr
op

er
ly

ta
il-

re
cu

rs
iv

e,
C

le
m

en
ts

an
d

Fe
lle

is
en

pr
es

en
te

d
a

ne
w

,
pr

op
er

ly
ta

il-
re

cu
rs

iv
e,

m
a
ch

in
e

—
th

e
cm

m
ac

hi
ne

[1
6,

F
ig

ur
e

2
]—

th
e

re
b

y
de

bu
nk

in
g

th
e

fo
lk

lo
re

th
a

t
st

ac
k

in
sp

ec
tio

n
is

in
co

m
pa

tib
le

w
ith

pr
op

er
ta

il
re

cu
rs

io
n.

B
el

ow
,

w
e

co
ns

id
er

th
e

st
or

el
es

s
ve

rs
io

n
o

f
th

e
cm

m
ac

hi
ne

an
d

w
e

pr
es

en
t

th
e

un
de

rly
in

g
ca

lc
ul

us
of

cl
os

ur
es

.

23

7
.2

.1
T

h
e

st
o
re

le
ss

c
m

m
a
ch

in
e

T
he

cm
m

ac
hi

ne
op

er
at

es
on

a
λs

ec
-te

rm
,

an
en

vi
ro

nm
en

t,
an

d
an

ev
al

ua
tio

n
co

nt
ex

t
en

ric
he

d
w

ith
up

da
ta

bl
e

pe
rm

is
si

on
ta

bl
es

(w
ri
tt

e
n

m
be

lo
w

)
:

(s
ta

ck
fra

m
es

)
C

::
=

m
[]

|
C

[[
](

c,
m

)]
|

C
[(

v,
m

)
[]

]

A
pe

rm
is

si
on

ta
bl

e
is

a
p
a
rt

ia
l

fu
nc

tio
n

w
it
h

a
fin

ite
do

m
ai

n
fr

o
m

a
se

t
o

f
pe

rm
is

si
on

s
P

tAo
pthe

rem
mse

ists
{⊥

t=
a

bnl
oet

gr
an

te
d,

a>
lf

 =
u

gr
an

te
d}

.
hAa

pe
rm

is
si

on
taa

inb
lf e

r
ow

mit
h a

tsh
eet

em
pt

y
dis

osm
ioa

nis
n

Pis
wto

r itt
hte

en 
s

ε
.

G
iv

en
th

e
pr

ed
ic

at
e

OK
cs

em
c

(R
,

C
),

R
∩m

−1
(⊥

)
=

∅



O
Ks

ce
m

c(
∅,

C)
O

K
cs

em
c(

R
,m

[] 
)

R
∩

m
−

1(
⊥)

=
∅

OK
cs

em
c(R

\
m

−
1

(>
),

C
)

R
∩

m
−

1(
⊥

)
=

∅
OK

cs
em

c(R
\

m
−

1(
>)

,
C

)
O

K
s
c
e

m
c
(
R

,C
[[

] 
(
c
,m

)
])

O
K

c
s
e

m
c
(
R

,C
[(

v
,m

)
[]

 ]
)

th
e

tr
an

si
tio

ns
of

th
e

st
or

el
es

s
cm

m
ac

hi
ne

re
ad

as
fo

llo
w

s:

hi
,

s,
C

i
⇒cs

me
c

hC
,

s(
i)
i

hλ
t,

s,
C

i
⇒cs

me
c

hC
,

(λ
t,

s)
i

ht
0

t1
,

s,
C

i
⇒cs

me
c

ht
0,

s,
C

[[
](

(t
1

,s
),

ε)
]i

hg
ra

nt
R

in
t,

s,
C

i
⇒cs

me
c

ht
,

s,
C

[R
→

>
]i

ht
es

t
R

th
en

t0
el

se
t1

,
s,

C
i

⇒cs
me

c
ht

0,
s,

C
i

if
OK

cs
em

c(R
,

C
)

ht
es

t
R

th
en

t0
el

se
t1

,
s,

C
i

⇒cs
me

c
ht

1,
s,

C
i

ot
he

rw
is

e

h
fa

il,
s,

C
i

⇒cs
me

c
fa

il

hR
[t]

,
s,

C
i

⇒cs
me

c
ht

,
s,

C
[R

→
⊥

]i

hm
[]

,v
i

⇒cs
me

c
v

hC
[[

](
(t

,
s)

,m
)]

,v
i

⇒cs
me

c
ht

,
s,

C
[(

v,
ε)

[]
]i

hC
[((

λt
,

s)
,m

)[
]]

,
v
i

⇒cs
me

c
ht

,
v

·
s,

C
i

w
he

re
R

=
P

\
R

an
d

C
[R

→
v]

is
a

m
od

ifi
ca

tio
n

of
th

e
pe

rm
is

si
on

ta
bl

e
in

th
e

co
nt

ex
t

wCh
oer

bet
aR

 ine
 =d

Pby
\

gr
an

tin
g

or
re

st
ric

tin
g

tmh
oed

pife
irca

mti
iso

sni
oo 

nfs
tRh

e,
dp 

eep
rem

nids
isni

ogn
on

v.
T

he
fo

llo
w

in
g

pr
op

os
iti

on
st

at
es

th
e

eq
ui

va
le

nc
e

of
th

e
fg

m
ac

hi
ne

an
d

th
e

cm
m

ac
hi

ne



w
ith

re
sp

ec
t

to
th

e
va

lu
es

th
ey

co
m

pu
te

:

P
ro

p
o

s
it
io

n
9

.
F

or
an

y
te

rm
t

in
th

e
λ 

bρ
se

c-
ca

lcu
lu

s,

hot
,r

a•
n,

[yy]
ti

r⇒m
∗se

 ct
ivn

hife
aλ n

bρ d
on

ly
if

ht
,

•
,

[]
i

(⇒
cs

em
c)∗

v.

M
or

eo
ve

r,
it

ca
n

be
sh

ow
n

th
a
t

ea
ch

st
ep

o
f

th
e

fg
m

ac
hi

ne
is

si
m

ul
at

ed
by

at
m

os
t

on
e

st
ep

o
f

th
e

cm
m

ac
hi

ne
[1

6]
.

A
t

th
e

le
ve

l
o

f
th

e
ca

lc
ul

us
,

th
is

is
re

fle
ct

ed
in

th
e

fa
ct

th
a
t

th
e

re
du

ct
io

n
se

m
an

tic
s

im
pl

em
en

te
d

by
th

e
cm

m
ac

hi
ne

ha
s

fe
w

er
re

du
ct

io
ns

th
an

λ ρ
bs

ec
.

7th
.e2

.r 2
e

Tct
hio

en
u s

enm
dae

nrtl
yic

ins
ig m

cpa
lelc

mu
eln

uts
e

dλ  b
bρsc

yemc
t

T
he

ca
lcT

uh
lue

s
uco

nrr
de

esr
plo

yni
dn

ign
gc

taol
c

tuh
leu

sst
oλ 

rρ 
bel

ess
cm

m
ac

hi
ne

is
ve

ry
cl

os
e

to
th

e
λ 

bρ
se

c-
ca

lcu
lu

s.
TT

hhe
e

cg
ar

al
cm

ul
m

us
ac

 r
orf

r
tse

pro
mn

sd,
nclg

os t
our

t eh
se

as t
nod

r
eslu

esb
sstc

 itm
utm

 ioa
ncs

h
iins

thi 
sev

se
ra

ym
c e

l,o
sbe

u tto
t th

hee
r λ

eb
ρ d

uc
tio

n
co

n-
Tte

hxe
tsc

(aw
lch

uilc
uhs

cco
orrr

ree
ssp

poo
nnd

di
nto

g
ttoh

 et
set

sa 
ctko

r
ferle

asm
sec

 sm
minm

tah
ceh

nm
ea 

cish
v in

ere
y)

cco
lon

ste
ai t

no
tph

ee
rm

λ  
ibρ

ssi
on

ta
bl

es
.

24

C
on

se
qu

en
tly

,
th

e
fu

nc
tio

ns
pl

ug
an

d
de

co
m

po
se

ar
e

de
fin

ed
in

a
no

n-
st

an
da

rd
w

ay
:

pl
ug

(c
,m

[]
)

=
bu

ild
(m

,c
)

pl
ug

(c
0

,C
[[

](
c1

,m
)]

)
=

pl
ug

(b
ui

ld
(m

,c
0

c
1
),

C
)

pl
ug

(c
,

C
[(

v,
m

)[
]])

=
pl

ug
(b

ui
ld

(m
,v

c)
,

C
)

w
he

re
th

e
au

xi
lia

ry
fu

nc
tio

n
bu

ild
co

ns
er

va
tiv

el
y

co
ns

tru
ct

s
a

cl
os

ur
e

ba
se

d
on

th
e

pe
rm

is
-

si
on

ta
bl

e
o

f
th

e
re

du
ct

io
n

co
nt

ex
t:



build
G(m

,c)= 
?cgr

antm
−1(>

)inc
ioft mh

e−rw1(
is>e)= 

∅
build

F(m,
c)= ?

cm−
1(⊥)

[c]
ioft mhe

−rw1(is
⊥e)= ∅

bu
ild

(m
,c

)
=

bu
ild

F
(m

,
bu

ild
G

(m
,c

))

A
ny

cl
os

ur
e

th
a
t

is
no

t
al

re
ad

y
a

va
lu

e
or

a
po

te
nt

ia
l

re
de

x,
ca

n
be

fu
rt

he
r

de
co

m
po

se
d

as
fo

llo
w

s:
de

co
m

po
se

(c
0

c
1
,C

)
=

de
co

m
po

se
(c

0,
C

[[
](

c1
,ε

)]
)

de
co

m
po

se
(g

ra
nt

R
in

c,
C

)
=

de
co

m
po

se
(c

,C
[R

→
>

])
de

co
m

po
se

(R
[c

],
C

)
=

de
co

m
po

se
(c

,C
C[[

RR
→

⊥
])

de
co

m
po

se
(v

,
C

[[
](

c,
m

)]
)

==
dde

ecc
oom

mp
poo

sse
e

((cc
,,

CC[
[R(v

,→7
→ε)

[⊥⊥
] ]]))

T
he

no
tio

n
of

re
du

ct
io

n
in

cl
ud

es
m

os
t

ru
le

s
o

f
th

e
λ 

bρ
se

c-
ca

lcu
lu

s,
ex

ce
pt

fo
r

(F
ra

m
e)

an
d

(TG
hre

ann
 to)

t
t.i

eF 
rno

om
tio

an
co 

aflc
r ue

ldu
usc

tsit
oan

ndi
 np

col
iun

dte
,

sC 
mle

om
set

n ru
tsl

eas
n do

f
F te

hel
leλ

 isb
ρ e

n
th

er
ef

or
e

ob
ta

in
ed

pr
op

er
ta

il
re

-
cu

rs
io

n
by

ch
an

gi
ng

th
e

co
m

pu
ta

tio
na

l
m

od
el

(w
itn

es
s

th
e

ch
an

ge
fr

om
O

Ks
ec

to
OK

cs
em

c)
acn

urd
s

by
sb 

imy
pc 

hlia
fyn

ign
ign

gth
t eh

ere
c d

oum
ctp

iuo
nta

trui
ole

nsa
lam

 nd
o

dm
eol

( di
wfiy

tinn
ges

sth
t eh

co
m

p
a

tib
ili

ty
rO

 ul
Ke

s.

7
.3

S
ta

te
-b

a
s
e

d
p

ro
p

e
rl
y

ta
il
-r

e
c
u

rs
iv

e
s
ta

c
k

in
s
p

e
c
ti
o

n

O
n

th
e

ob
se

rv
at

io
n

th
at

th
e

st
ac

k
of

th
e

cm
m

ac
hi

ne
ca

n
be

un
zi

pp
ed

in
to

th
e

us
ua

l
co

nt
ro

l
st

ac
k

o
ft

he
C

E
K

m
ac

hi
ne

an
d

a
st

at
e-

lik
e

lis
t

o
fp

er
m

is
si

on
ta

bl
es

,
A

ge
r

et
a
l.

ha
ve

pr
es

en
te

d
an

un
zi

pp
ed

ve
rs

io
n

o
f

th
e

cm
m

ac
hi

ne
(c

ha
ra

ct
er

iz
in

g
pr

op
er

ly
ta

il-
re

cu
rs

iv
e



st
ac

k
in

sp
ec

tio
n

as
a

m
on

ad
,

in
pa

ss
in

g)
[4

].
W

 e
fir

st
pr

es
en

t
th

is
m

ac
hi

ne
,

an
d

th
en

th
e

co
rr

es
po

nd
in

g
ca

lc
ul

us
o

f
cl

os
ur

es
.

7
.3

.1
T

h
e

u
n

zi
p

p
e

d
st

o
re

le
ss

cm
m

a
ch

in
e

T
he

un
zi

pp
ed

cm
m

ac
hi

ne
op

er
at

es
on

a
λs

ec
-te

rm
,

an
en

vi
ro

nm
en

t,
an

d
an

or
di

na
ry

ev
al

ua
tio

n
co

nt
ex

t.
In

ad
di

tio
n,

th
e

m
ac

hi
ne

ha
s

a
re

ad
-w

rit
e

se
cu

rit
y

re
gi

st
er

m
ho

ld
in

g
th

e
cu

rr
en

t
pe

rm
is

si
on

ta
bl

e
an

d
a

re
ad

-o
nl

y
se

cu
rit

y
re

gi
st

er
m

s
ho

ld
in

g
a

lis
t

o
f

ou
te

r
pe

rm
is

si
on

ta
bl

es
.

G
iv

en
th

e
pr

ed
ic

at
e

OK
su

ec
cm

(R
,

m
,

m
s)

,

R
∩

m
−

1(
⊥

)
=

∅
R

∩
m

−
1(

⊥
)

=
∅

OK
su

ec
cm

(R
\

m
−

1(
>)

,
m

0,
m

s)
O

Ks
ue

cc
m

(∅
,m

,m
s)

O
Ku

se
cc

m
(R

,m
,•

)
O

K
u

s
e

c
c
m

(
R

,m
,m

0
·m

 s
)

th
e

tr
an

si
tio

ns
of

th
e

un
zi

pp
ed

st
or

el
es

s
cm

m
ac

hi
ne

re
ad

as
fo

llo
w

s:

hi
,

s,
m

,
m

s,
C

i
⇒s

ue
cc

m
hC

,
s(

i)
,

m
si

hλ
t,

s,
m

,
m

s,
C

i
⇒s

ue
cc

m
hC

,
(λ

t,
s)

,
m

si

ht
0

t1
,

s,
m

,
m

s,
C

i
⇒s

ue
cc

m
ht

0,
s,

ε
,

m
·
m

s,
C

[[
]

(t
1

,
s)

]i

25

hg
ra

nt
R

in
t,

s,
m

,
m

s,
C

i
⇒s

ue
cc

m
ht

,
s,

m
[R

→
>

]
,m

s,
C

i

ht
es

t
R

th
en

t0
el

se
t1

,
s,

m
,

m
s,

C
i

⇒s
ue

cc
m

ht
0,

s,
m

,
m

s,
C

i
if

OK
su

ec
cm

(R
,

m
,

m
s)

ht
es

t
R

th
en

t0
el

se
t1

,
s,

m
,

m
s,

C
i

⇒s
ue

cc
m

ht
1,

s,
m

,
m

s,
C

i
ot

he
rw

is
e



hR
[t]

,
s,

m
,

m
s,

C
i

⇒s
ue

cc
m

ht
,

s,
m

[R
→7

⊥
],

m
s,

C
i

h
fa

il
,

s,
m

,
m

s
,

C
i

⇒s
ue

cc
m

fa
il

h[
],

v,
•i

⇒s
ue

cc
m

v

hC
[[

]
(t

,
s)

],
v,

m
si

⇒s
ue

cc
m

ht
,

s,
ε,

m
s,

C
[v

[]
]i

hC
[(

λt
,

s)
[]

],
v,

m
·
m

si
⇒s

ue
cc

m
ht

,
v

·
s,

m
,m

s,
C

i

T
he

fo
llo

w
in

g
pr

op
os

iti
on

st
at

es
th

e
eq

ui
va

le
nc

e
o
f

th
e

cm
m

ac
hi

ne
an

d
th

e
un

zi
pp

ed
cm

m
ac

hi
ne

:

P
ro

p
o

s
it
io

n
1

0
.

F
o

r
an

y
te

rm
t

in
th

e
λ 

bρ
se

c-
ca

lcu
lu

s,

1h0
t,.

• 
F,

o[r
]i

a(n⇒
ysce

mt c
er)∗

m
mv

inf
ath

ned
λo 

ρbn
ly

if
ht

,
•

,
ε,

•
,

[]
i

(⇒s
ue

cc
m)

∗
v.

M
or

eo
ve

r,
it

ca
n

be
sh

ow
n

th
a
t

ea
ch

st
ep

o
f

th
e

cm
m

ac
hi

ne
is

si
m

ul
at

ed
by

on
e

st
ep

o
f

th
e

un
zi

pp
ed

cm
m

ac
hi

ne
.

7.
3.

2
T

h
e

la
ng

ua
ge

o
f

λρb
 us

ecc
m

(t
er

m
s)

et
o:

:f=
 λ

ρib
|

λt
|

t
t

|
g

r
a

n
t

R
in

t
|

te
s
t

R
th

en
t

el
se

t
|

R
[t]

|
fa

il
(c

lo
su

re
s)

c
::

=
t[s

]
(v

al
ue

s)
v

::
=

(λ
t)

[s
]

|
fa

il

(s
ub

st
itu

tio
ns

)
s

::
=

•
|

c
·
s

(r
ed

uc
tio

n
co

nt
ex

ts
)

C
::

=
[]

|

C
[[

]c
]

|

C
[v

[]
 ]

(a
nn

ot
at

ed
cl

os
ur

es
)

ce:
:=

c[
m

,
m

s]

|

c
e c

|

cc

|

fa
il



(a
nn

ot
at

ed
va

lu
es

)
cve:

:::=
=

vc[
[mm

,,
mm

ss]]

||

cfe
  ca

i| l

7.
3.

3
N

o
ti
o
n

o
f

co
nv

e t
:e 

:x=
t-v

 s[
em

n,s
mi

tsi
]ve

|
re

d
u

ct
io

n

T
he

no
tio

n
o

f
re

du
ct

io
n

is
sp

ec
ifi

ed
by

th
e

ru
le

s
be

lo
w

.
C

om
pa

re
d

to
th

e
ru

le
s

o
f

Se
c-

tio
n

7.
1.

2,
th

e
cu

rr
en

t
pe

rm
is

si
on

ta
bl

e
an

d
th

e
lis

t
o

f
ou

te
r

pe
rm

is
si

on
ta

bl
es

ar
e

pr
op

-
ag

at
ed

lo
ca

lly
to

ea
ch

cl
os

ur
e

be
in

g
ev

al
ua

te
d.

W
he

n
a

va
lu

e
is

co
ns

um
ed

,
th

e
cu

rr
en

t
pe

rm
is

si
on

ta
bl

e
is

di
sc

ar
de

d.
T

he
(P

ro
p)

re
du

ct
io

n
ru

le
ill

us
tr

at
es

th
e

pr
op

ag
at

io
n

to
a

su
bc

lo
su

re
to

be
ev

al
ua

te
d:

h(
t0

t1
)[

s]
[m

,m
s]

,
C

i
→s

ue
ccm

h(
t0

[s
][

ε,
m

·
m

s]
)

(t
1

[s
])

,
C

i

So
do

ha
lf

of
th

e
ot

he
r

re
du

ct
io

n
ru

le
s:

(V
ar

)
hi

[c
1

·
·

·
cj

][
m

,m
s]

,
C

i
→s

ue
ccm

hc
i[m

,
m

s]
,

C
i

if
i

≤
j

(T
es

t1
)

h(
te

st
R

th
en

t0
el

se
t1

)[
s]

[m
,m

s]
,

C
i

→s
ue

ccm
ht

0[
s]

[m
,m

s]
,

C
i

if
OK

su
ec

cm
(R

,
m

,m
s)

(T
es

t2
)

h(
te

st
R

th
en

t0
el

se
t1

)[
s]

[m
,m

s]
,

C
i

→s
ue

ccm
ht

1[
s]

[m
,m

s]
,

C
i

ot
he

rw
is

e

(F
ai

l)
h
fa

il[
s]

[m
,m

s]
,

C
i

→s
ue

ccm
h
fa

il,
[]

i

A
ne

w
re

du
ct

io
n

ru
le

,
ho

w
ev

er
,

is
no

w
ne

ce
ss

ar
y

to
go

fr
om

on
e

ev
al

ua
te

d
su

bc
lo

su
re

to
a

su
bc

lo
su

re
to

ev
al

ua
te

:

(S
w

itc
h)

h(
v[

m
,

m
s]

)
c,

C
i

→s
ue

ccm
hv

(c
[ε

,
m

s]
),

C
i



26
T

he
(B

et
a)

ru
le

do
ub

le
s

up
w

ith
di

sc
ar

di
ng

th
e

pe
rm

is
si

on
ta

bl
e

of
th

e
ac

tu
al

pa
ra

m
-

et
er

:
(B

et
a)

h(
(λ

t)
[s

])
(v

[m
,

m
0

·
m

s]
),

C
i

→s
ue

ccm
ht

[v
·

s]
[m

0,
m

s]
,

C
i

F
in

al
ly

,
th

e
(F

ra
m

e)
an

d
(G

ra
nt

)
ru

le
s

em
bo

dy
th

e
st

at
e

co
un

te
rp

ar
t

o
f

C
le

m
en

ts
an

d
Fe

lle
ise

n’
s

de
si

gn
to

en
ab

le
pr

op
er

ta
il

re
cu

rs
io

n:

(F
ra

m
e)

hR
[t]

[s
][m

,
m

s]
,

C
i

→s
ue

ccm
ht

[s
][m

[R
→7

⊥
],

m
s]

,
C

i

(G
ra

nt
)

h(
gr

an
t

R
in

t)
[s

][
m

,m
s]

,
C

i
→s

ue
ccm

ht
[s

][
m

[R
→7

>]
,
m

s]
,

C
i

7.
3.

4
F

o
rm

a
l

co
rr

e
sp

o
n
d
e
n
ce

P
ro

p
o

s
it
io

n
11

.
F

or
an

y
te

rm
t

in
th

e
λs

ec
-c

al
cu

lu
s,

t[•
]

(→
su

ec
cm

)∗
v

if
an

d
on

ly
if

ht
,

•,
ε
,

•,
[]

i
(⇒s

ue
cc

m)
∗

v.

7
.4

C
o

n
c
lu

s
io

n

W
e

ha
ve

pr
es

en
te

d
th

re
e

co
rr

es
po

nd
in

g
ca

lc
ul

i
of

cl
os

ur
es

an
d

m
ac

hi
ne

s
fo

r
st

ac
k

in
sp

ec
-

tio
n
,

sh
ow

in
g

fir
st

ho
w

th
e

st
or

el
es

s
fg

m
ac

hi
ne

re
fle

ct
s

th
e

λ 
bρ

se
c-

ca
lcu

lu
s,

se
co

nd
,

ho
w

th
e

tλiρ
ob n

sce
m,c

-s c
hao

lcwu
ilnu

gs
rier

fslte
ch t

osw
wth

t eh
ests

 oto
rere

lele
sss

sc
f m

g
mm

aac
chh

iinn
ee,

ean
flde

c
tths

i rth
de,

hλ b
ρo w

th
e

λρ
b u

se
cc

m-
ca

lcu
lus

re
fle

ct
s

tλthi b
oρen

,u- n
scha

zoilp
cwup

ienlu
dgs

fsi rrt
eosft

lreeh
c leto

ssws
t

hct
em

hes
tsmo

taorr
eclhe

eleis
nsse

sc .
mgInm

m
daac

cohi
hniig

nn
es,r o

a e,
lwe

dce
t t

shha
it rvh

dee,
hλp

obρ
 rwo

vti d
hee

dλ
ρab

ca
lc

ul
us

ac
co

un
t

of
λm

 ρb
ach

-inc
ael

cdu
els

uig
snr

afln
edc

t
osp

 tht
iem

s iz
toa

rtei
ole

ns
sfoc

 rm
stm

 aa
ckc

hiin
nse

p,e
a c

tnid
ont

 h.



8
A

ca
lc

ul
us

fo
r

p
ro

p
e

r
ta

il-
re

cu
rs

io
n

A
t

P
LD

I’
98

[1
9]

,
C

lin
ge

r
pr

es
en

te
d

a
pr

op
er

ly
ta

il-
re

cu
rs

iv
e

se
m

an
tic

s
fo

r
Sc

he
m

e
in

th
e

fo
rm

o
f

a
st

or
e-

ba
se

d
ab

st
ra

ct
m

ac
hi

ne
.

T
hi

s
m

ac
hi

ne
m

od
el

s
th

e
m

em
or

y-
al

lo
ca

tio
n

be
ha

vi
or

o
f

fu
nc

tio
n

ca
lls

in
Sc

he
m

e,
an

d
C

lin
ge

r
us

ed
it

to
sp

ec
ify

in
w

hi
ch

se
ns

e
an

im
pl

em
en

ta
tio

n
sh

ou
ld

no
t

ru
n

ou
t

of
m

em
or

y
w

he
n

pr
oc

es
si

ng
a

ta
il-

re
cu

rs
iv

e
pr

og
ra

m
(s

uc
h

as
a

pr
og

ra
m

in
C

P
S

).
W

e
fir

st
pr

es
en

t
a

si
m

ila
r

m
ac

hi
ne

fo
r

th
e

λ-
ca

lc
ul

us
w

ith
le

ft-
to

-r
ig

ht
ca

ll-
by

-v
al

ue
ev

al
ua

tio
n

an
d

as
si

gn
m

en
ts

.
T

hi
s

m
ac

hi
ne

is
in

th
e

ra
ng

e
o

f
re

fo
cu

si
ng

,
tr

an
si

tio
n

co
m

-
pr

es
si

on
,

an
d

cl
os

ur
e

un
fo

ld
in

g,
an

d
so

w
e

ne
xt

pr
es

en
t

th
e

co
rr

es
po

nd
in

g
st

or
e-

ba
se

d
ca

lc
ul

us
,

λ b
ρp

tr.

c8a
.l1c

sA
,

ρ
b 

si
m

pl
ifi

ed
v
e

rs
io

n
o
f

C
lin

g
e
r’

s
a

b
s
tr

a
c
t

m
a

c
h

in
e

O
ur

si
m

pl
ifi

ed
ve

rs
io

n
of

C
lin

ge
r’

s
ab

st
ra

ct
m

ac
hi

ne
is

an
ev

al
/a

pp
ly

m
ac

hi
ne

w
ith

an
en

vi
ro

nm
en

t
an

d
a

st
or

e: hx
,

s,
C

,
σ

i
⇒

p
tr

hC
,

σ
(s

(x
))

,
σ

i

hλ
x.

t,
s,

C
,

σ
i

⇒
p
tr

hC
,

(λ
x.

t,
s)

,
σ

i

ht
0

t1
,

s,
C

,
σ

i
⇒

p
tr

ht
0,

s,
C

[[
]

(t
1,

s)
],

σ
i

hx
:=

t,
s,

C
,

σ
i

⇒
p
tr

ht
,

s,
C

[u
pd

(s
(x

)
,[

])
],

σ
i

h[
],

v,
σ

i
⇒

p
tr

(v
,

σ
)



hC
[[

]
(t

,
s)

],
v,

σi
⇒

p
tr

ht
,

s,
C

[v
[]

],
σ
i

hC
[(λ

x.
t,

s)
[]

],
v,

σ
i

⇒
p

tr
ht

,
(x

,
‘ )

·
s,

C
,

σ[
‘

→
v]

i
hift

,‘
dxo

,e ‘
s)

n · 
so,t

oc
cu

r
w→

 7it
hv 

i]in
s,

C
,v

,σ

hC
[u

pd
(‘

,
[]

)]
,

v,
σ
i

⇒
p

tr
hC

,
σ(

‘)
,

σ[
‘

→
v]

i

27
Lo

ca
tio

ns
‘

ra
ng

e
ov

er
an

un
sp

ec
ifi

ed
se

t
o

f
lo

ca
tio

ns
.

A
st

or
e

σ
is

a
fin

ite
m

ap
pi

ng
fr

om
lo

ca
tio

ns
to

va
lu

e
cl

os
ur

es
.

D
en

ot
ab

le
va

lu
es

ar
e

lo
ca

tio
ns

.
C

lin
ge

r’
s

m
ac

hi
ne

al
so

ha
s

a
ga

rb
ag

e-
co

lle
ct

io
n

ru
le

[1
9,

F
ig

ur
e

5
an

d
S

ec
tio

n
3]

,
bu

t
fo

r
si

m
pl

ic
ity

w
e

ig
no

re
it

he
re

.

8
.2

T
h

e
la

n
g

u
a

g
e

o
f

λ
 ρb

ptr

T
he

ab
sT

trh
ae

ct
lsa

ynn
tga

xu
aof

gt
eh

eo
lfan

λ 
gρ 

bua
ge

is
as

fo
llo

w
s:

(t
e

rm
s)

(c
lo

su
re

s)

(v
al

ue
s)

(s
u

b
st

itu
tio

n
s)

(r
e
d
.

co
n
te

xt
s)

(s
to

re
)

(s
to

re
cl

os
ur

es
)



(s
to

re
va

lu
es

)

(s
to

re
co

nt
ex

ts
)

t
::

=
x

|
λx

.t
|

t
t

|
x

:=
t

c
::

=
t[s

]
|

c
c

v
::

=
(λ

x.
t)

[s
]

s
::

=
•

|
(x

,
‘ )

·
s

C
::=

[]
|C

[[]
c]

|C
[v

[] ]
|C

[up
d(‘

,[
] )]

σ
::
=

•
|

σ[
‘

→
v]

ce:
:=

c[
σ]

ce ve:
:::=

=
vc[[

σσ]
]



Cec ve e
::::

==
vC

[σ[
σ]]

8
.3

N
o
ti
o
n

o
f

c
o

n
te

x
t-

s
e

n
s
it
iv

e
re

d
u
c
ti
o
n

In
th

e
ru

le
s

be
lo

w
,

(V
ar

)
de

re
fe

re
nc

es
th

e
st

or
e;

(B
et

a)
al

lo
ca

te
s

a
fr

es
h

lo
ca

tio
n,

an
d

ex
te

nd
s

bo
th

th
e

su
bs

tit
ut

io
n

an
d

th
e

st
or

e
w

ith
it
;

(P
ro

p)
is

co
nt

ex
t-

in
se

ns
iti

ve
an

d
th

er
ef

or
e

es
se

nt
ia

lly
as

in
th

e
λ 

bρ
-c

al
cu

lu
s;

an
d

(U
pd

)
up

da
te

s
th

e
st

or
e.

(oV
rea

re )
s

hnx
tii[a

(xll
1y

y,
a‘s

1 )i
n·n·

t·
h(x

ej λ
,

ρ‘ 
-jc)a

],l
uC

lu[σ
s];i

a→n
dpt

(r
hpσ

(d‘
)i)u

 ,
Cd[

aσt
]eis

hife
eis

t≤o
r je

(B
et

a)
h(

(λ
x.

t)
[s

])
v,

C
[σ

]i
→

p
tr

ht
[(

x,
‘)

·
s]

,
C

[σ
[‘

→
v]

]i
hift

[‘(
xd,o

 ‘e
)s

n s
o],t

oc
cu

r
→w

ivt 
h]i

]ni
s,

C
,v

,σ

(P
ro

p)
h(

t0
t1

)
[s

],
C

[σ
]i

→
p
tr

h(
t0

[s
])

(t
1

[s
]),

C
[σ

]i

(U
pd

)
hu

pd
(‘

,
v)

,
C

[σ
]i

→
p
tr

hσ
(‘

),
C

[σ
[‘

→
v]

]i

R
ef

oc
us

in
g,

co
m

pr
es

si
ng

th
e

in
te

rm
ed

ia
te

tr
an

si
tio

ns
,

an
d

un
fo

ld
in

g
th

e
da

ta
ty

pe
o

f
cl

o-
su

re
s

m
ec

ha
ni

ca
lly

yi
el

ds
th

e
ab

st
ra

ct
m

ac
hi

ne
of

S
ec

tio
n

8.
1.

8
.4

F
o

rm
a

l
c
o

rr
e

s
p

o
n

d
e

n
c
e

P
ro

p
o

s
it
io

n
12

.
F

or
an

y
te

rm
t

in
th

e
λ ρ

bp
tr

-c
al

cu
lu

s,

2t[.•
 ]F

F[o•
]r

r→a
 n∗p

ytr
tve[

rσm
]

i ifn
nat 

nhd
e

oλ n
bρ 

ly
if

ht
,

•
,

[]
,

•i
⇒p

∗t
r

(v
,

σ)
.



T
he

λ 
ρb

pt
r-c

al
cu

lu
s

th
er

ef
or

e
di

re
ct

ly
co

rr
es

po
nd

s
to

th
e

si
m

pl
ifi

ed
ve

rs
io

n
of

Cl
in

ge
r’

s
pTr

hoe
peλ

 rlb
 ρy

ta
il-

re
cu

rs
iv

e
m

ac
hi

ne
.

eIn
λ

bS
ρe

cti
on

7,
w

e
sh

ow
ed

st
or

el
es

s
va

ria
nt

s
o

f
tw

o
m

ac
hi

ne
s

fo
r

st
ac

k
in

sp
ec

tio
n

(t
he

fg
an

d
th

e
cm

m
ac

hi
ne

s)
.

T
he

or
ig

in
al

ve
rs

io
ns

o
f

t h
es

e
m

ac
hi

ne
s

us
e

a
st

or
e

in
th

e
C

lin
ge

r
fa

sh
io

n
[1

6]
,a

nd
w

e
ca

n
ex

hi
bi

t
th

ei
r

un
de

rly
in

g
ca

lc
ul

i
w

ith
an

ex
pl

ic
it

re
pr

es
en

ta
tio

n
of

th
e

st
or

e,
as

st
ra

ig
ht

fo
rw

ar
d

ex
te

ns
io

ns
o

ft
he

st
or

el
es

s
ca

lc
ul

i.
F

or
co

nc
is

en
es

s,
w 

e
do

no
t

in
cl

ud
e

th
em

he
re

.

28

9
A

la
zy

ca
lc

ul
us

of
clo

su
re

s
T

he
st

or
e-

ba
se

d
ac

co
un

t
o

f
pr

op
er

ta
il-

re
cu

rs
io

n
fr

om
S

ec
tio

n
8

su
gg

es
ts

th
e

fo
llo

w
in

g
la

zy
ca

lc
ul

us
o

f
cl

os
ur

es
,

λ ρ
bl

.

c9a
.l1c

sT
o h

fec
ols

aun
reg

s,u
λa 

ρ b
ge

o
f

λ ρ
bl

T
he

ab
sT

trh
ae

ct
lsa

ynn
tga

xu
aof

gt
eh

eo
lfan

λ g
ρ b

ua
ge

is
as

fo
llo

w
s:



(te
rm

s)
(c

lo
su

re
s)

(v
al

ue
s)

(s
ub

st
itu

tio
ns

)



(r
ed

uc
tio

n
co

nt
ex

ts
)

(s
to

re
)

(s
to

re
cl

os
ur

es
)

(s
to

re
va

lu
es

)



(s
to

re
co

nt
ex

ts
)

t
::
=
i

|
λt

|
t
t

c
::
=

t[s
]

|
c

‘
|

up
d(

‘,
c)

v
::=

(λ
t)

[s]
s

::
=

•
|

‘
·

s

C
::
=

[]
|C

[[]
‘]

|C
[u

pd
(‘

,
[] )]



σ
::

=
•

|
σ[‘

→
v]

c
::

=
c[σ

]
cve

:::
:=

=
vc

[[σ
σ]]

Cec ve e
:::

:=
=

vC[
σ[σ]

]
9
.2

N
o

ti
o

n
o

f
c
o

n
te

x
t-

s
e

n
s
it
iv

e
re

d
u
c
ti
o
n

Th
e

no
tio

n
of

re
du

ct
io

n
is

sp
ec

ifi
ed

by
th

e
fiv

e
ru

le
s

sh
ow

n
be

lo
w

.

(V
ar

1)
hi[

‘1
·

·
·
‘

j],
C

[σ
]i

→
l

hv
,

C
[σ

]i
if

σ(
‘

i)
=

v

(V
ar

2)
hi[

‘1
·

·
·

‘j
],

C
[σ

]i
→

l
hu

pd
(‘

i,
c)

,
C

[σ
]i

if
σ(

‘
i)

=
c

(B
et

a)
h(

(λ
t)

[s
])

‘,
C

[σ
]i

→
l

ht[
‘

·
s]

,
C

[σ
]i

(A
pp

)
h(

t0
t1

)[
s]

,
C

[σ
]i

→
l

h(
t0

[s
])

‘,
C[

σ[
‘

→
t1

[s
]]]

i
w

he
re

‘
do

es
no

t
oc

cu
r

in
s,

C
,σ

(U
pd

)
hu

pd
(‘

,
v)

,
C

[σ
]i

→
l

hv
,

C[
σ[

‘
→

v]
]i



V
ar

ia
bl

es
de

no
te

lo
ca

tio
ns

,
an

d
ha

ve
tw

o
re

du
ct

io
n

ru
le

s,
de

pe
nd

in
g

on
w

he
th

er
th

e
st

or
e

ho
ld

s
a

va
lu

e
o
r

no
t

at
t h

at
lo

ca
tio

n.
In

th
e

fo
rm

er
ca

se
—h

an
dl

ed
by

(V
ar

1
)—

th
e

re
su

lt
is

th
is

va
lu

e,
th

e
cu

rr
en

t
co

nt
ex

t,
an

d
th

e
cu

rr
en

t
st

or
e.

In
th

e
la

tt
e
r

ca
se

—h
an

dl
ed

by
(V

a
r2

)—
a

sp
ec

ia
l

cl
os

ur
e

up
d(

‘,
c)

is
cr

ea
te

d,
in

di
ca

tin
g

th
a

t
c

is
a

sh
ar

ed
co

m
pu

ta
tio

n.
W

he
n

th
is

co
m

p
u
ta

tio
n

co
m

pl
et

es
an

d
yi

el
ds

a
va

lu
e,

th
e

st
or

e
at

lo
ca

tio
n

‘
sh

ou
ld

be
up

da
te

d
w

ith
th

is
va

lu
e,

w
hi

ch
is

ac
hi

ev
ed

by
(U

p
d
).

S
in

ce
ev

er
y

ar
gu

m
en

t
to

an
ap

pl
ic

a-
tio

n
ca

n
p

o
te

n
tia

lly
be

sh
ar

ed
,

(A
p

p
)

co
ns

er
va

tiv
el

y
al

lo
ca

te
s

a
ne

w
lo

ca
tio

n
in

th
e

st
or

e
fo

r
su

ch
sh

ar
ed

cl
os

ur
es

.
(B

et
a)

ex
te

nd
s

th
e

su
b
st

itu
tio

n
w

it
h

th
is

lo
ca

tio
n.

9
.3

A
n

e
v
a

l/
a

p
p

ly
a

b
s
tr

a
c
t

m
a

c
h

in
e

R
ef

oc
us

in
g,

co
m

pr
es

si
ng

th
e

in
te

rm
ed

ia
te

tr
a
n
si

tio
n
s,

an
d

un
fo

ld
in

g
th

e
da

ta
ty

p
e

o
f

cl
o-

su
re

s
m

ec
ha

ni
ca

lly
yi

el
ds

th
e

fo
llo

w
in

g
st

or
e-

ba
se

d
m

ac
hi

ne
:3

hi
,

s,
C

,
σ

i
⇒

l
hC

,
(λ

t0
,

s0
),

σ
i

w
he

re
s(

i)
=

‘
an

d
σ

(‘
)

=
(λ

t0
)

[s0
]

hi
,

s,
C

,
σ

i
⇒

l
ht

0,
s0

,
C

[u
pd

(‘
,

[]
)]

,
σ

i
w

he
re

s(
i)

=
‘

an
d

σ
(‘

)
=

t0
[s0

]

hλ
t,

s,
C

,
σ

i
⇒

l
hC

,
(λ

t,
s)

,
σ

i

ht
0

t1
,

s,
C

,
σ

i
⇒

l
ht

0,
s,

C
[[

]‘
],

σ
[‘

→
(t

1
,
s)

]i
w

he
re

‘
do

es
no

t
oc

cu
r

in
s,

C
,σ

h
t
,
s
 
,
 
C

,
σ

 
i
⇒

 
h

t
,
s
 
,
C

 
[
[
]
 
‘

 
]
,

3W
he

n
a

sh
ar

ed
clo

su
re

is
to

be
ev

al
ua

te
d,

th
e

cu
rre

nt
co

nt
ex

t
is

ex
te

nd
ed

w
ith

w 
ha

t
is

kn
ow

n
a

s
a
n

‘u
pd

at
e

m
ar

ke
r’

in
th

e
Th

re
e

In
st

ru
ct

io
n

M
ac

hi
ne

(d
en

ot
ed

C
[u

pd
(‘

,
[]

)]
he

re
).

29

h[
],

v
,

σ
i

⇒
l

(v
,

σ
)



hC
[[

]‘
],

(λ
t,

s)
,

σ
i

⇒
l

ht
,

‘
·
s,

C
,

σ
i

hC
[u

pd
(‘

,
[]

)]
,v

,
σ

i
⇒

l
hC

,
v,

σ
[‘

→
v]

i

T
hi

s
la

zy
ab

st
ra

ct
m

ac
hi

ne
co

in
ci

de
s

w
ith

th
e

on
e

de
riv

ed
by

A
ge

r
et

a
l.

ou
t

o
f

a
ca

ll-
by

-
ne

ed
in

te
rp

re
te

r
fo

r
th

e
λ-

ca
lc

ul
us

[3
],

th
er

eb
y

co
nn

ec
tin

g
th

e
pr

es
en

t
sy

nt
ac

tic
co

rr
es

po
n-

de
nc

e
be

tw
ee

n
ca

lc
ul

i
an

d
ab

st
ra

ct
m

ac
hi

ne
s

w
ith

th
e

fu
nc

tio
na

l
co

rr
es

po
nd

en
ce

be
tw

ee
n

ab
st

ra
ct

m
ac

hi
ne

s
an

d
ev

al
ua

to
rs

[2
,4

,7
,2

8]
.

9
.4

F
o

rm
a

l
c
o

rr
e

s
p

o
n

d
e

n
c
e

P
ro

p
o

s
it
io

n
13

.
F

or
an

y
te

rm
t

in
th

e
λ 

bρ
l-c

al
cu

lu
s,

.t[F 
•]o

[•r
]

→n
yl∗

tve[
rσm

]
i ifn

nat 
nhd

e
oλ n

bρ l
y

if
ht

,
•
,

[]
,•

i
⇒l

∗
(v

,
σ

).

T
he

λ 
bρ

l-c
al

cu
lu

s
th

er
ef

or
e

di
re

ct
ly

co
rr

es
po

nd
s

to
ca

ll-
by

-n
ee

d
ev

al
ua

tio
n

[8
5]

.
eIn

λ
ρλb

ρ l,
sh

ar
in

g
is

m
ad

e
po

ss
ib

le
th

ro
ug

h
a

gl
ob

al
he

ap
w

he
re

ac
tu

al
pa

ra
m

et
er

s
ar

e
Tsto

hreIe
nλd 

 b.ρλ
bO

ρn
th

e
ot

he
r

ha
nd

,
a

nu
m

be
r

of
ot

he
r

ca
lc

ul
i

m
od

el
in

g
ca

ll
by

ne
ed

ex
te

nd
th

e
se

t
o

ft
eInr

m λ
sρ b

w
ith

a
lo

ca
l

le
t-

lik
e

co
ns

tr
uc

t,
ei

th
er

by
st

at
ic

al
ly

tr
an

sl
at

in
g

th
e

so
ur

ce
la

ng
ua

ge
in

to
an

in
te

rm
ed

ia
te

la
ng

ua
ge

w
ith

ex
pl

ic
it

in
di

ca
tio

ns
o

f
sh

ar
in

g
(a

s
in

La
un

ch
bu

ry
’s

ap
pr

oa
ch

[6
3]

),
or

by
pr

ov
id

in
g

dy
na

m
ic

re
du

ct
io

n
ru

le
s

to
th

e
sa

m
e

ef
fe

ct
(a

s
in

A
rio

la
et

al
.’

s
ca

lc
ul

us
[5

]).
A

se
qu

en
ce

of
le

t
co

ns
tru

ct
s

bi
nd

in
g

va
ria

bl
es

to
sh

ar
ed

co
m

pu
ta

tio
ns

is
a

lo
ca

l
ve

rs
io

n
o

f
a

gl
ob

al
he

ap
w

he
re

sh
ar

ed
co

m
pu

ta
tio

ns
ar

e
bo

un
d

to
lo

ca
tio

ns
;

ex
tr

a
re

du
ct

io
ns

ar
e

th
en

ne
ed

ed
to

pr
op

ag
at

e
a
ll

th
e

le
t

co
ns

tru
ct

s
to

th
e

to
p

le
ve

l.
A

no
th

er
sp

ec
ifi

ci
ty

o
f

λ ρ
bl

is
th

at
al

lo
ca

tio
n

oc
cu

rs
ea

rly
,

i.e
.,

a
ne

w
ce

ll
is

al
lo

ca
te

d
in

th
e

Ast
noo

reth
eev

re r
syp

etci
imfi

cei
ta

yn
oa

fp 
λp

ρ l
bic

ati
on

is
ev

al
ua

te
d.

A
llo

ca
tio

n,
ho

w
ev

er
,

oc
cu

rs
la

te
in

A
rio

la



et
aA

l.n
’so

ste
hm

era
s n

ptie
ccs

i,f
iic.i

et.,
y

ao
fnλ

 eρ
 w

b
bi

nd
in

g
is

cr
ea

te
d

on
ly

w
he

n
th

e
op

er
at

or
of

th
e

ap
pl

ic
at

io
n

is
kn

ow
n

to
be

a
λ-

ab
st

ra
ct

io
n.

D
el

ay
in

g
al

lo
ca

tio
n

is
us

ef
ul

in
th

e
pr

es
en

ce
o

f
st

ric
t

fu
nc

tio
ns

,
w

hi
ch

w
e

do
no

t
co

ns
id

er
he

re
.

W
e

ca
n

co
ns

tr
uc

t
a

lo
ca

l
ve

rs
io

n
o

f
ou

r
ca

lc
ul

us
w

ith
ei

th
er

o
f

th
e

st
or

e
pr

op
ag

at
ed

in
si

de
cl

os
ur

es
or

o
f

la
te

al
lo

ca
tio

n.
F

ro
m

th
er

e,
on

e
ca

n
m

ec
ha

ni
ca

lly
de

riv
e

th
e

co
rr

e-
sp

on
di

ng
ab

st
ra

ct
m

ac
hi

ne
s.

10
C

on
cl

us
io

n
W

e
ha

ve
pr

es
en

te
d

a
se

rie
s

of
ca

lc
ul

i
an

d
ab

st
ra

ct
m

ac
hi

ne
s

ac
co

un
tin

g
fo

r
a

va
rie

ty
of

co
m

pu
ta

tio
na

l
ef

fe
ct

s,
m

ak
in

g
it

po
ss

ib
le

to
di

re
ct

ly
re

as
on

ab
ou

t
a

co
m

pu
ta

tio
n

in
th

e
ca

lc
ul

us
an

d
in

th
e

co
rr

es
po

nd
in

g
ab

st
ra

ct
m

ac
hi

ne
(h

or
iz

on
ta

lly
in

th
e

di
ag

ra
m

be
lo

w
)

an
d

to
di

re
ct

ly
ac

co
un

t
fo

r
ac

tu
al

an
d

ex
pl

ic
it

su
bs

tit
ut

io
ns

bo
th

in
th

e
w

or
ld

of
ca

lc
ul

i
an

d
in

th
e

w
or

ld
o

f
ab

st
ra

ct
m

ac
hi

ne
s

(v
er

tic
al

ly
in

th
e

di
ag

ra
m

be
lo

w
,

w
he

re
σ

m
ap

s
a

cl
os

ur
e

in
to

th
e

co
rr

es
po

nd
in

g
λ-

te
rm

an
d

an
en

vi
ro

nm
en

t-
m

ac
hi

ne
co

nf
ig

ur
at

io
n

in
to

a
co

nf
ig

ur
at

io
n

in
th

e
co

rr
es

po
nd

in
g

m
ac

hi
ne

w
ith

ac
tu

al
su

bs
tit

ut
io

ns
):

λ-calOO
culusoo

corrsey
snptoa

cndtice
nce//ac

tumaal
cs huib

nOOse
tiw tiutt

hions
σ

σ

λρb
 -ca

lcul
uso

oco
rrse

ysn
ptao

cntd
icen

ce//
env

irom
nam

che
nint

-eba
sed



30
T

he
co

rr
es

po
nd

en
ce

be
tw

ee
n

ea
ch

ca
lc

ul
us

an
d

ea
ch

ab
st

ra
ct

m
ac

hi
ne

is
si

m
pl

e
an

d
ea

ch
ca

n
be

m
ec

ha
ni

ca
lly

b
u

ilt
fr

om
th

e
ot

he
r.

A
ll

o
f

th
e

ca
lc

ul
i

ar
e

ne
w

.
M

an
y

of
th

e
ab

st
ra

ct
m

ac
hi

ne
s

ar
e

kn
ow

n
an

d
ha

ve
be

en
in

de
pe

nd
en

tly
de

si
gn

ed
an

d
pr

ov
ed

co
rr

ec
t.

T
he

w
or

k
re

po
rt

ed
he

re
le

ad
s

us
to

dr
aw

in
g

th
e

fo
llo

w
in

g
co

nc
lu

si
on

s.

C
ur

ie
n’

s
ca

lc
u
lu

s
o

f
cl

os
ur

es
:

O
nc

e
ex

te
nd

ed
to

ac
co

un
t

fo
r

on
e-

st
ep

re
du

ct
io

n,
C

ur
ie

n’
s

ca
lc

ul
us

of
cl

os
ur

es
di

re
ct

ly
co

rr
es

po
nd

s
t o

th
e

no
tio

ns
of

ev
al

ua
tio

n
(i.

e.
,

w
 e

ak
-

he
ad

no
rm

al
iz

at
io

n)
ac

co
un

te
d

fo
r

by
en

vi
ro

nm
en

t-
ba

se
d

m
ac

hi
ne

s,
ev

en
in

th
e

pr
es

en
ce

o
f

co
m

pu
ta

tio
na

l
ef

fe
ct

s
(s

ta
te

an
d

co
nt

ro
l)

.

R
e
fo

cu
si

n
g
:

D
es

pi
te

its
pr

ag
m

at
ic

o
ri
g
in

—
fu

si
n
g

a
pl

ug
fu

nc
tio

n
an

d
a

de
co

m
po

si
tio

n
fu

nc
tio

n
in

a
re

du
ct

io
n-

ba
se

d
ev

al
ua

tio
n

fu
nc

tio
n

to
im

pr
ov

e
its

ef
fic

ie
nc

y
[3

6]
,

an
d

in
co

m
bi

na
tio

n
w

ith
co

m
pr

es
si

ng
in

te
rm

ed
ia

te
tr

an
si

tio
ns

an
d

un
fo

ld
in

g
cl

os
ur

es
,

re
fo

cu
si

ng
pr

ov
es

co
ns

is
te

nt
ly

us
ef

ul
to

co
ns

tr
uc

t
re

du
ct

io
n-

fr
ee

ev
al

ua
tio

n
fu

nc
tio

ns
in

th
e

fo
rm

o
f

ab
st

ra
ct

m
ac

hi
ne

s,
ev

en
in

th
e

pr
es

en
ce

of
co

m
pu

ta
tio

na
l

ef
fe

ct
s.

D
e

fu
n

c
ti
o

n
a

liz
a

ti
o

n
:

D
es

pi
te

its
pr

ac
tic

al
o

ri
g

in
—

re
p

re
se

n
tin

g
a

hi
gh

er
-o

rd
er

fu
nc

tio
n

as
a

da
ta

ty
pe

an
d

a
di

sp
at

ch
fu

nc
tio

n
[7

2]
,d

ef
un

ct
io

na
liz

at
io

n
pr

ov
es

co
ns

is
te

nt
ly

us
ef

ul
,

w
itn

es
s

th
e

ne
xt

ite
m

an
d

al
so

th
e

fa
ct

th
at

ex
ce

pt
fo

r
th

e
ab

st
ra

ct
m

ac
hi

ne
s

fo
r

λ 
ρb

F
an

d
twh

iet
cem

ss
mt 

hae
cn 

hie
nxe

t,
atel

lm
mth

a en
adb

a s
ltsr

oa 
tch

t
em

 faa
cct

hi n
the

as
tie n

x
tche

pist
ta f

rotr
ict 

leh
ea

a r
eb

sitn
ra

dce
tfum

 na
cct

iho
inn

ael
siz

f eo
dr

λfo
b ρr

Fma
.



R
e
d
u
ct

io
n

co
n
te

xt
s

a
n
d

e
va

lu
a

tio
n

co
n
te

xt
s:

Th
er

e
ar

e
th

re
e

ob
je

ct
iv

e
re

a
s
o
n
s
—

on
e

ex
te

ns
io

na
l

an
d

tw
o

in
te

n
si

o
n

a
l—

w
h

y
co

nt
ex

ts
ar

e
us

ef
ul

as
w

el
l

as
,

in
so

m
e

se
ns

e,
un

av
oi

da
bl

e:

•
re

du
ct

io
n

co
nt

ex
ts

ar
e

in
on

e-
to

-o
ne

co
rr

es
po

nd
en

ce
w

ith
th

e
co

m
pa

tib
ili

ty
ru

le
s

of
a

cda
ulc

ctu
ilou

ns;
c

•
re

du
ct

io
n

co
nt

ex
ts

ar
e

th
e

da
ta

ty
pe

o
f

th
e

de
fu

nc
tio

na
liz

ed
co

nt
in

ua
tio

n
o

f
a

on
e-

st
ep

rtei
dou

ncc
 toi

onn
te

fxu
tns

ca 
trie

ont
(ea

sd
auts

aed
t y

pine
a

fr e
thd

eu 
cdt

eio
fun

n-b
cta

ios
end

a
(iw

zee
dac

 ko
-hn

eta
ind

u)
ntio

orn
mo

 afl
iza

 ao
 tin

oen
-

fu
nc

tio
n)

;
an

d

•
ev

al
ua

tio
n

co
nt

ex
ts

ar
e

th
e

da
ta

ty
pe

of
th

e
de

fu
nc

tio
na

liz
ed

co
nt

in
ua

tio
n

o
f

an
eev

vaa
lluu

aat
tiio

onn
f cu

onn
ctte

ixon
ts

s(aa
 sr

eus
t eh

de
ein

da
rae

dt y
upc

etio
 on

f-fr
t eh

ee
(wd

 ee
fua

kn-
cht

eia
ond

a)
niz

oer
dm

 ca
oliz

nat
itni

oun
a

tfiu
onn

cto
 ifo

na 
)n

.

If
no

th
in

g
el

se
,

ea
ch

o
f

th
es

e
th

re
e

re
as

on
s

ha
s

pr
ac

tic
al

v 
al

ue
as

a
gu

id
el

in
e

fo
r

w
ri
tin

g
th

e
gr

am
m

ar
of

re
du

ct
io

n
/

ev
al

ua
tio

n
co

nt
ex

ts
(w

hi
ch

ca
n

be
tr

ic
ky

in
pr

ac
tic

e)
.

B
ut

m
or

e
si

gn
ifi

ca
nt

ly
[2

7]
,r

ed
uc

tio
n

co
nt

ex
ts

an
d

ev
al

ua
tio

n
co

nt
ex

ts
co

in
ci

de
,

w
hi

ch
m

ea
ns

th
at

as
a

da
ta

ty
pe

,
th

ey
m

ed
ia

te
be

tw
ee

n
on

e-
st

ep
re

du
ct

io
n

an
d

ev
al

ua
tio

n,
gi

ve
n

an
ap

pr
op

ria
te

di
sp

at
ch

fu
nc

tio
n: deco&mp
p ysylosu

ssgess0a
susxssss

scsontex
JtJJJJJJr

JeJfJoJcJ
Ju%%sau

x
st

at
e-

tr
an

si
tio

n
ev

al
/a

pp
ly

fu
nc

tio
ns

ab
st

ra
ct

m
ac

hi
ne

O?O
O?O



?

d
e
fu

n
ct

io
n
a
liz

a
tio

n

?

de
fu

nc
tio

na
liz

at
io

n

?

on
e-

st
ep

re
du

ct
io

n
ev

al
ua

tio
n

fu
nc

tio
n

fu
nc

tio
n

in
C

P
S

in
C

P
S

3
1

In
de

ed
,

as
in

iti
a

te
d

by
R

ey
no

ld
s

[2
9,

72
],

de
fu

nc
tio

na
liz

in
g

a
co

nt
in

ua
tio

n-
pa

ss
in

g
ev

al
ua

to
r

yi
el

ds
an

ab
st

ra
ct

m
ac

hi
ne

[2
–4

,
7]

,
an

d
as

al
re

ad
y

po
in

te
d

ou
t

ab
ov

e,
a

va
st

nu
m

be
r

of
ab

st
ra

ct
m

ac
hi

ne
s

ar
e

in
de

fu
nc

tio
na

liz
ed

fo
rm

[9
,1

1,
28

].
T

og
et

he
r,

th
e

sy
nt

ac
tic

co
rr

es
po

nd
en

ce
be

tw
ee

n
ca

lc
ul

i
an

d
ab

st
ra

ct
m

ac
hi

ne
s

an
d

th
e

fu
nc

tio
na

l
co

rr
es

po
nd

en
ce

be
tw

ee
n

ab
st

ra
ct

m
ac

hi
ne

s
an

d
ev

al
ua

to
rs

th
er

ef
or

e
co

nn
ec

t
ap

-
pa

re
nt

ly
di

st
in

ct
ap

pr
oa

ch
es

to
th

e
sa

m
e

co
m

pu
ta

tio
na

l
si

tu
at

io
ns

.
W

e
al

re
ad

y
ill

us
tr

at
ed

th
is

co
nn

ec
tio

n
in

S
ec

tio
n

6
w

it
h

de
lim

ite
d

co
nt

in
ua

tio
ns

;
le

t
us

br
ie

fly
ill

us
tr

at
e

it
fu

rt
he

r
w

ith
th

e
si

m
pl

er
ex

am
pl

e
o

f
ca

ll/
cc

:

C
al

l/c
c

w
as

in
tr

od
uc

ed
in

Sc
he

m
e

[1
7]

as
a

C
hu

rc
h

en
co

di
ng

o
f

R
ey

no
ld

s’
s

es
-

ca
pe

op
er

at
or

[7
2]

.
A

ty
pe

d
ve

rs
io

n
o

f
it

is
av

ai
la

bl
e

in
S

ta
nd

ar
d

M
L

of
N

ew
Je

rs
ey

[5
2]

an
d

G
ri
ff

in
ha

s
id

en
tif

ie
d

its
lo

gi
ca

l
co

nt
en

t
[4

9]
.
It

is
en

do
w

ed
w

ith
a

va
rie

ty
o

fs
pe

ci
fic

at
io

ns
:

a
C

P
S

tr
a
n
sf

o
rm

a
tio

n
[3

3]
,a

C
P

S
in

te
rp

re
te

r
[5

3,
72

]
,

a
de

no
ta

tio
na

l
se

m
an

tic
s

[5
7]

,
a

co
m

pu
ta

tio
na

l
m

on
ad

[8
6]

,
a

bi
g-

st
ep

op
er

a-
tio

n
a
l

se
m

an
tic

s
[5

2]
,

th
e

C
E

K
m

ac
hi

ne
[4

3]
,

ca
lc

ul
i

in
th

e
fo

rm
of

re
du

ct
io

n
se

m
an

tic
s

[4
2]

,
an

d
a

nu
m

be
r

o
f

im
pl

em
en

ta
tio

n
te

ch
ni

qu
es

[1
8,

25
,5

5]
—

no
t

to
m

en
tio

n
its

ca
ll-

by
-n

am
e

ve
rs

io
n

th
a
t

al
le

ge
dl

y
ac

co
un

ts
fo

r
th

e
ax

io
m

of



ch
oi

ce
in

th
e

ar
ch

iv
al

ve
rs

io
n

o
f

K
riv

in
e’

s
m

ac
hi

ne
[6

0]
.

Q
ue

st
io

n:
H

ow
do

w
e

kn
ow

th
a

t
a

ll
th

e
ar

tif
ac

ts
in

th
is

se
m

an
tic

j u
ng

le
de

fin
e

th
e

sa
m

e
ca

ll/
cc

?

T
he

el
em

en
ts

o
f

an
sw

er
w

e
co

nt
rib

ut
e

he
re

ar
e

th
a

t
th

e
sy

nt
ac

tic
co

rr
es

po
nd

en
ce

lin
ks

ca
lc

ul
i

an
d

ab
st

ra
ct

m
ac

hi
ne

s,
an

d
th

e
fu

n
ct

io
n
a
l

co
rr

es
po

nd
en

ce
lin

ks
ab

st
ra

ct
m

ac
hi

ne
s

an
d

ev
al

ua
to

rs
.

So
by

co
ns

tr
uc

tio
n,

a
ll

th
es

e
sp

ec
ifi

ca
tio

ns
ar

e
in

te
r-

de
riv

ab
le

an
d

th
er

ef
or

e
th

ey
ar

e
co

ns
is

te
nt

.

N
o

rm
a

liz
a

ti
o

n
b

y
e

v
a

lu
a

ti
o

n
:

F
in

al
ly

,
re

fo
cu

si
ng

pr
ov

id
es

a
gu

id
el

in
e

fo
r

co
ns

tr
uc

tin
g

re
du

ct
io

n-
fr

ee
n

o
rm

a
liz

a
tio

n
fu

nc
tio

ns
ou

t
of

re
du

ct
io

n-
ba

se
d

on
es

[2
6]

.
T

he
re

du
ct

io
n-

fre
e

n
o

rm
a

liz
a

tio
n

fu
nc

tio
ns

ta
ke

th
e

fo
rm

o
f

ev
al

/a
pp

ly
ab

st
ra

ct
m

ac
hi

ne
s,

w
hi

ch
us

ua
lly

ar
e

in
de

fu
nc

tio
na

liz
ed

fo
rm

,
w

hi
ch

pa
ve

s
th

e
w

ay
to

w
ri
tin

g
n

o
rm

a
liz

a
tio

n
fu

nc
tio

ns
as

us
ua

lly
en

co
un

te
re

d
in

th
e

ar
ea

o
f

n
o

rm
a

liz
a

tio
n

by
ev

al
ua

tio
n

[3
1]

.
W

e
ha

ve
ill

u
st

ra
te

d
th

e
m

et
ho

d
he

re
w

ith
w

ea
k

re
du

ct
io

n
an

d
w

ea
k-

he
ad

n
o

rm
a

liz
a

tio
n

(i.
e.

,
ev

al
ua

tio
n)

,b
u

t
it

al
so

w
or

ks
fo

r
st

ro
ng

re
du

ct
io

n
an

d
n
o
rm

a
liz

a
tio

n
,

th
us

lin
ki

n
g

on
e-

st
ep

re
du

ct
io

n,
ab

st
ra

ct
m

ac
hi

ne
s

fo
r

st
ro

ng
re

du
ct

io
n,

an
d

n
o

rm
a

liz
a

tio
n

fu
nc

tio
ns

.

A
c
k
n
o
w

le
d
g
m

e
n
ts

W
e

ar
e

gr
at

ef
ul

t o
Ju

lia
L
a
w

a
ll

an
d

K
ri
st

ia
n

S
tø

vr
in

g
fo

r
co

m
m

en
tin

g
a

pr
el

im
in

ar
y

ve
rs

io
n

o
f

th
is

ar
tic

le
.

T
h
is

w
or

k
is

p
a

rt
ia

lly
su

pp
or

te
d

by
th

e
E

S
P

R
IT

W
or

ki
ng

G
ro

up
A

P
P

S
E

M
II

(h
tt
p

:
//w

w
w

.a
pp

se
m

.o
rg

)
an

d
by

th
e

D
an

is
h

N
a
tu

ra
l

S
ci

en
ce

R
es

ea
rc

h
C

ou
nc

il,
G

ra
nt

no
.

21
-0

3-



05
45

.

32

R
ef

er
en

ce
s

[1
]

M
ar

t´ı
 n

A
ba

di
,

Lu
ca

C
ar

de
lli

,
P

ie
rr

e-
Lo

ui
s

C
ur

ie
n,

an
d

Je
an

-J
ac

qu
es

L 
e´

vy
.

E
xp

lic
it

su
bs

tit
ut

io
ns

.
Jo

ur
na

l
o

f
F

un
ct

io
na

l
P

ro
gr

am
m

in
g,

1(
4)

:3
75

–4
16

,
19

91
.

[2
]

M
ad

s
S

ig
A

ge
r,

D
ar

iu
sz

B
ie

rn
ac

ki
,

O
liv

ie
r

D
an

vy
,

an
d

Ja
n

M
id

tg
aa

rd
.

A
fu

nc
tio

na
l

co
rr

es
po

nd
en

ce
be

tw
ee

n
ev

al
ua

to
rs

an
d

ab
st

ra
ct

m
ac

hi
ne

s.
In

D
al

e
M

ill
e
r,

ed
ito

r,
P

ro
ce

ed
in

gs
o

f
th

e
F

ift
h

A
C

M
-S

IG
P

L
A

N
In

te
rn

at
io

na
l

C
on

fe
re

nc
e

on
P

rin
ci

pl
es

an
d

P
ra

ct
ic

e
o

f
D

ec
la

ra
tiv

e
P

ro
gr

am
m

in
g

(P
PD

P’
03

),
pa

ge
s

8–
19

.
A

C
M

P
re

ss
,

A
ug

us
t

20
03

.

[3
]

M
ad

s
S

ig
A

ge
r,

O
liv

ie
r

D
an

vy
,

an
d

Ja
n

M
id

tg
aa

rd
.

A
fu

nc
tio

na
l

co
rr

es
po

nd
en

ce
be

tw
ee

n
ca

ll-
by

-n
ee

d
ev

al
ua

to
rs

an
d

la
zy

ab
st

ra
ct

m
ac

hi
ne

s.
In

fo
rm

at
io

n
Pr

oc
es

s-



in
g

Le
tte

rs
,

90
(5

)
:2

23
–2

32
,

20
04

.
E

xt
en

de
d

ve
rs

io
n

av
ai

la
bl

e
as

th
e

te
ch

ni
ca

l
re

po
rt

B
R

IC
S

R
S

-0
4-

3.

[4
]

M
ad

s
S

ig
A

ge
r,

O
liv

ie
r

D
an

vy
,

an
d

Ja
n

M
id

tg
aa

rd
.

A
fu

nc
tio

na
l

co
rr

es
po

nd
en

ce
be

-
tw

ee
n

m
on

ad
ic

ev
al

ua
to

rs
an

d
ab

st
ra

ct
m

ac
hi

ne
s

fo
r

la
ng

ua
ge

s
w

ith
co

m
pu

ta
tio

na
l

ef
fe

ct
s.

T
he

or
et

ic
al

C
om

pu
te

r
S

ci
en

ce
,

34
2(

1)
:1

49
–1

72
,

20
05

.
E

xt
en

de
d

ve
rs

io
n

av
ai

l-
ab

le
as

th
e

te
ch

ni
ca

l
re

po
rt

B
R

IC
S

R
S

-0
4-

28
.

[5
]

Ze
na

M
.
A

ri
o

la
,

M
at

th
ia

s
Fe

lle
is

en
,

Jo
hn

M
ar

ai
st

,
M

a
rt

in
O

de
rs

ky
,

an
d

P
h
ili

p
W

ad
le

r.
T

he
ca

ll-
by

-n
ee

d
la

m
bd

a
ca

lc
ul

us
.

In
P

et
er

Le
e,

ed
ito

r,
P

ro
ce

ed
in

gs
o

f
th

e
T

w
en

ty
-

S
ec

on
d

A
nn

ua
l

A
C

M
S

ym
po

si
um

on
P

rin
ci

pl
es

o
f

P
ro

gr
am

m
in

g
La

ng
ua

ge
s,

pa
ge

s
23

3–
24

6,
S

an
Fr

an
ci

sc
o,

C
al

ifo
rn

ia
,

Ja
nu

ar
y

19
95

.
A

C
M

P
re

ss
.

[6
]

Ze
na

M
.

A
ri
o
la

an
d

H
ug

o
H

er
be

lin
.

M
in

im
a
l

cl
as

si
ca

l
lo

gi
c

an
d

co
nt

ro
l

op
er

at
or

s.
In

Jo
s

C
.

M
.

B
ae

te
n,

Ja
n

K
ar

el
Le

ns
tr

a,
Jo

ac
hi

m
P

ar
ro

w
,

an
d

G
er

ha
rd

J.
W

oe
gi

n-
ge

r,
ed

ito
rs

,
A

ut
om

at
a,

La
ng

ua
ge

s
an

d
P

ro
gr

am
m

in
g,

30
th

In
te

rn
a
tio

n
a
l

C
ol

lo
qu

iu
m

(I
C

A
L

P
20

03
),

nu
m

be
r

27
19

in
Le

ct
ur

e
N

ot
es

in
C

om
pu

te
r

S
ci

en
ce

,
pa

ge
s

87
1–

88
5,

E
in

dh
ov

en
,

T
he

N
et

he
rla

nd
s,

Ju
ly

20
03

.
S

pr
in

ge
r.

[7
]

M
a 

lg
or

za
ta

B
ie

rn
ac

ka
,

D
ar

iu
sz

B
ie

rn
ac

ki
,

an
d

O
liv

ie
r

D
an

vy
.

A
n

op
er

at
io

na
l

fo
un

da
-

tio
n

fo
r

de
lim

ite
d

co
nt

in
ua

tio
ns

in
th

e
C

P
S

hi
er

ar
ch

y.
Lo

gi
ca

l
M

et
ho

ds
in

C
om

pu
te

r
S

ci
en

ce
,

1(
2:

5)
:1

–3
9,

N
ov

em
be

r
20

05
.

A
pr

el
im

in
ar

y
ve

rs
io

n
w

as
pr

es
en

te
d

at
th

e
F

o
u

rt
h

A
C

M
S

IG
P

LA
N

W
or

ks
ho

p
on

C
on

tin
ua

tio
ns

(C
W

’0
4)

.

[8
]

M
a 

lg
or

za
ta

B
ie

rn
ac

ka
an

d
O

liv
ie

r
D

an
vy

.
A

co
nc

re
te

fr
am

ew
or

k
fo

r
en

vi
ro

nm
en

t
m

a-
ch

in
es

.
R

es
ea

rc
h

R
ep

or
t

B
R

IC
S

R
S

-0
5-

15
,

D
A

IM
I,

D
ep

ar
tm

en
t

o
f

C
om

pu
te

r
S

ci
en

ce
,



U
ni

ve
rs

ity
of

A
ar

hu
s,

A
ar

hu
s,

D
en

m
ar

k,
M

ay
20

05
.

[9
]

D
ar

iu
sz

B
ie

rn
ac

ki
an

d
O

liv
ie

r
D

an
vy

.
F

ro
m

in
te

rp
re

te
r

to
lo

gi
c

en
gi

ne
by

de
fu

nc
-

tio
na

liz
at

io
n.

In
M

au
ric

e
B

ru
yn

oo
gh

e,
ed

ito
r,

Lo
gi

c
B

as
ed

P
ro

gr
am

S
yn

th
es

is
an

d
T

ra
ns

fo
rm

at
io

n,
13

th
In

te
rn

at
io

na
l

S
ym

po
si

um
,

LO
P

S
T

R
20

03
,

nu
m

be
r

30
18

in
Le

c-
tu

re
N

ot
es

in
C

om
pu

te
r

S
ci

en
ce

,
pa

ge
s

14
3–

15
9,

U
pp

sa
la

,
S

w
ed

en
,

A
ug

us
t

20
03

.
S

pr
in

ge
r-

V
er

la
g.

[1
0]

D
ar

iu
sz

B
ie

rn
ac

ki
an

d
O

liv
ie

r
D

an
vy

.
A

si
m

pl
e

pr
oo

f
o

f
a

fo
lk

lo
re

th
eo

re
m

ab
ou

t
de

lim
ite

d
co

nt
ro

l.
R

es
ea

rc
h

R
ep

or
t

B
R

IC
S

R
S

-0
5-

10
,

D
A

IM
I,

D
ep

ar
tm

en
t

o
f

C
om

-
pu

te
r

S
ci

en
ce

,
U

ni
ve

rs
ity

o
f

A
ar

hu
s,

A
ar

hu
s,

D
en

m
ar

k,
M

ar
ch

20
05

.
A

cc
ep

te
d

fo
r

pu
bl

ic
at

io
n

in
th

e
Jo

ur
na

l
o

f
F

un
ct

io
na

l
P

ro
gr

am
m

in
g

as
a

th
eo

re
tic

al
pe

ar
l.

33
[1

1]
D

ar
iu

sz
B

ie
rn

ac
ki

,
O

liv
ie

r
D

an
vy

,
an

d
K

ev
in

M
ill

ik
in

.
A

dy
na

m
ic

co
nt

in
ua

tio
n-

pa
ss

in
g

st
yl

e
fo

r
dy

na
m

ic
de

lim
ite

d
co

nt
in

ua
tio

ns
.

R
es

ea
rc

h
R

ep
or

t
B

R
IC

S
R

S
-0

5-
16

,
D

A
IM

I,
D

ep
ar

tm
en

t
o

f
C

om
pu

te
r

S
ci

en
ce

,
U

ni
ve

rs
ity

o
f

A
ar

hu
s,

A
ar

hu
s,

D
en

m
ar

k,
M

ay
20

05
.

[1
2]

D
ar

iu
sz

B
ie

rn
ac

ki
,

O
liv

ie
r

D
an

vy
,

an
d

C
hu

ng
-c

hi
eh

S
ha

n.
O

n
th

e
dy

na
m

ic
ex

te
nt

o
f

de
lim

ite
d

co
nt

in
ua

tio
ns

.
In

fo
rm

at
io

n
P

ro
ce

ss
in

g
Le

tte
rs

,
96

(1
):7

–1
7,

20
05

.
E

xt
en

de
d

ve
rs

io
n

av
ai

la
bl

e
as

th
e

te
ch

ni
ca

l
re

po
rt

B
R

IC
S

R
S

-0
5-

13
.



[1
3]

R
ob

er
t

(C
or

ky
)

C
a
rt

w
ri
g
h
t,

ed
ito

r.
P

ro
ce

ed
in

gs
o

f
th

e
19

88
A

C
M

C
on

fe
re

nc
e

on
Li

sp
an

d
F

un
ct

io
na

l
P

ro
gr

am
m

in
g,

S
no

w
bi

rd
,

U
ta

h,
Ju

ly
19

88
.

A
C

M
P

re
ss

.

[1
4]

E
ug

en
e

C
ha

rn
ia

k,
C

hr
is

to
ph

er
R

ie
sb

ec
k,

an
d

D
re

w
M

cD
e

rm
o

tt
.

A
rt

ifi
ci

a
l

In
te

lli
ge

nc
e

P
ro

gr
am

m
in

g.
La

w
re

nc
e

E
ar

lb
au

m
A

ss
oc

ia
te

s,
19

80
.

[1
5]

A
lo

nz
o

C
hu

rc
h.

Th
e

C
al

cu
li

o
fL

am
bd

a-
C

on
ve

rs
io

n.
P

rin
ce

to
n

U
ni

ve
rs

ity
P

re
ss

,
19

41
.

[1
6]

Jo
hn

C
le

m
en

ts
an

d
M

at
th

ia
s

Fe
lle

is
en

.
A

ta
il-

re
cu

rs
iv

e
se

m
an

tic
s

fo
r

st
ac

k
in

sp
ec

tio
n.

A
C

M
T

ra
ns

ac
tio

ns
on

P
ro

gr
am

m
in

g
La

ng
ua

ge
s

an
d

S
ys

te
m

s,
26

(6
)

:1
02

9–
10

52
,

20
04

.

[1
7]

W
ill

ia
m

C
lin

ge
r,

D
an

ie
l

P
.

F
rie

dm
an

,
an

d
M

itc
h

e
ll

W
an

d.
A

sc
he

m
e

fo
r

a
hi

gh
er

-le
ve

l
se

m
an

tic
al

ge
br

a.
In

Jo
hn

R
ey

no
ld

s
an

d
M

au
ric

e
N

iv
at

,
ed

ito
rs

,
A

lg
eb

ra
ic

M
et

ho
ds

in
S

em
an

tic
s,

pa
ge

s
23

7–
25

0.
C

am
br

id
ge

U
ni

ve
rs

ity
P

re
ss

,
19

85
.

[1
8]

W
ill

ia
m

C
lin

ge
r,

A
nn

e
H

.
H

ar
th

ei
m

er
,

an
d

E
ric

M
.

O
st

.
Im

pl
em

en
ta

tio
n

st
ra

te
gi

es
fo

r
fir

st
-c

la
ss

co
nt

in
ua

tio
ns

.
H

ig
he

r-
O

rd
er

an
d

S
ym

bo
lic

C
om

pu
ta

tio
n,

12
(1

):7
–4

5,
19

99
.

[1
9]

W
ill

ia
m

D
.

C
lin

ge
r.

P
ro

pe
r

ta
il

re
cu

rs
io

n
an

d
sp

ac
e

ef
fic

ie
nc

y.
In

K
e

ith
D

.
C

oo
pe

r,
ed

ito
r,

P
ro

ce
ed

in
gs

o
f

th
e

A
C

M
S

IG
P

LA
N

’9
8

C
on

fe
re

nc
e

on
P

ro
gr

am
m

in
g

La
ng

ua
ge

s
D

es
ig

n
an

d
Im

pl
em

en
ta

tio
n,

pa
ge

s
17

4–
18

5,
M

on
tr 

´e
al

,
C

an
ad

a,
Ju

ne
19

98
.

A
C

M
P

re
ss

.

[2
0]

P
ie

rr
e

C
r´e

 g
ut

.
A

n
ab

st
ra

ct
m

ac
hi

ne
fo

r
la

m
bd

a-
te

rm
s

no
rm

al
iz

at
io

n.
In

W
an

d
[8

8]
,

pa
ge

s
33

3–
34

0.



[2
1]

P
ie

rr
e

Cr
´e

 g
ut

.
S

tr
on

gl
y

re
du

ci
ng

va
ria

nt
s

o
f

th
e

K
ri
vi

n
e

ab
st

ra
ct

m
ac

hi
ne

.
In

D
an

vy
[3

0]
.

T
o

ap
pe

ar
.

Jo
ur

na
l

ve
rs

io
n

of
[2

0]
.

[2
2]

P
ie

rr
e-

Lo
ui

s
C

ur
ie

n.
C

at
eg

or
ic

al
C

om
bi

na
to

rs
,

S
eq

ue
nt

ia
l

A
lg

or
ith

m
s

an
d

F
un

ct
io

na
l

P
ro

gr
am

m
in

g,
vo

lu
m

e
1

of
R

es
ea

rc
h

N
ot

es
in

Th
eo

re
tic

al
C

om
pu

te
r

S
ci

en
ce

.
P

itm
an

,
19

86
.

[2
3]

P
ie

rr
e-

Lo
ui

s
C

ur
ie

n.
A

n
ab

st
ra

ct
fr

am
ew

or
k

fo
r

en
vi

ro
nm

en
t

m
ac

hi
ne

s.
Th

eo
re

tic
al

C
om

pu
te

r
S

ci
en

ce
,

82
:3

89
–4

02
,

19
91

.

[2
4]

P
ie

rr
e-

Lo
ui

s
C

ur
ie

n,
Th

´e
 r`

e s
e

H
ar

di
n,

an
d

Je
an

-J
ac

qu
es

L 
e´

vy
.

C
on

flu
en

ce
pr

op
er

tie
s

of
w

 e
ak

an
d

st
ro

ng
ca

lc
ul

i
o
f

ex
pl

ic
it

su
bs

tit
ut

io
ns

.
Jo

ur
na

l
o
f

th
e

A
C

M
,

43
(2

):3
62

–
39

7,
19

96
.

[2
5]

O
liv

ie
r

D
an

vy
.

F
or

m
al

iz
in

g
im

pl
em

en
ta

tio
n

st
ra

te
gi

es
fo

r
fir

st
-c

la
ss

co
nt

in
ua

tio
ns

.
In

G
er

t
S

m
ol

ka
,

ed
ito

r,
P

ro
ce

ed
in

gs
o
ft

he
N

in
th

E
ur

op
ea

n
S

ym
po

si
um

on
P

ro
gr

am
m

in
g,

nu
m

be
r

17
82

in
Le

ct
ur

e
N

ot
es

in
C

om
pu

te
r

S
ci

en
ce

,
pa

ge
s

88
–1

03
,

B
er

lin
,

G
er

m
an

y,
M

ar
ch

20
00

.
S

pr
in

ge
r-

V
er

la
g.

34
[2

6]
O

liv
ie

r
D

an
vy

.
F

ro
m

re
du

ct
io

n-
ba

se
d

to
re

du
ct

io
n-

fr
ee

no
rm

al
iz

at
io

n.
In

S
er

gi
o

A
nt

oy
an

d
Y

 o
sh

ih
ito

T
oy

am
a,

ed
ito

rs
,

P
ro

ce
ed

in
gs

o
f

th
e

F
ou

rt
h

In
te

rn
a
tio

n
a
l

W
or

ks
ho

p
on

R
ed

uc
tio

n
S

tra
te

gi
es

in
R

ew
rit

in
g

an
d

P
ro

gr
am

m
in

g
(W

R
S

’0
4)

,
nu

m
be

r
12

4
in



E
le

ct
ro

ni
c

N
ot

es
in

T
he

or
et

ic
al

C
om

pu
te

r
S

ci
en

ce
,

pa
ge

s
79

–1
00

,
A

ac
he

n,
G

er
m

an
y,

M
ay

20
04

.
E

ls
ev

ie
r

S
ci

en
ce

.
In

vi
te

d
ta

lk
.

[2
7]

O
liv

ie
r

D
an

vy
.

O
n

ev
al

ua
tio

n
co

nt
ex

ts
,

co
nt

in
ua

tio
ns

,
an

d
th

e
re

st
o
f

th
e

co
m

pu
ta

-
tio

n
.

In
H

ay
o

T
hi

el
ec

ke
,

ed
ito

r,
P

ro
ce

ed
in

gs
o
f

th
e

F
ou

rt
h

A
C

M
S

IG
P

L
A

N
W

or
ks

ho
p

on
C

on
tin

ua
tio

ns
(C

W
’0

4)
,

Te
ch

ni
ca

l
re

po
rt

C
S

R
-0

4-
1,

D
ep

ar
tm

en
t

o
f

C
om

pu
te

r
S

ci
en

ce
,

Q
ue

en
M

ar
y’

s
C

ol
le

ge
,

pa
ge

s
13

–2
3,

V
en

ic
e,

It
a
ly

,
Ja

nu
ar

y
20

04
.

In
vi

te
d

ta
lk

.

[2
8]

O
liv

ie
r

D
an

vy
.

A
ra

tio
na

l
de

co
ns

tr
uc

tio
n

o
f

La
nd

in
’s

S
E

C
D

m
ac

hi
ne

.
In

C
le

m
en

s
G

re
lc

k,
Fr

an
k

H
uc

h,
G

re
g

J.
M

ic
ha

el
so

n,
an

d
P

h
il

T
rin

de
r,

ed
ito

rs
,

Im
pl

em
en

ta
-

tio
n

an
d

A
pp

lic
at

io
n

o
f

F
un

ct
io

na
l

La
ng

ua
ge

s,
16

th
In

te
rn

a
tio

n
a
l

W
or

ks
ho

p,
IF

L
’0

4,
nu

m
be

r
34

74
in

Le
ct

ur
e

N
ot

es
in

C
om

pu
te

r
S

ci
en

ce
,

pa
ge

s
52

–7
1,

L 
¨u

be
ck

,
G

er
m

an
y,

S
ep

te
m

be
r

20
04

.
S

pr
in

ge
r-

V
er

la
g.

R
ec

ip
ie

nt
o
ft

he
20

04
P

et
er

La
nd

in
pr

iz
e.

E
xt

en
de

d
ve

rs
io

n
av

ai
la

bl
e

as
th

e
te

ch
ni

ca
l

re
po

rt
B

R
IC

S
R

S
-0

3-
33

.

[2
9]

O
liv

ie
r

D
an

vy
.

D
ef

un
ct

io
na

liz
ed

in
te

rp
re

te
rs

fo
r

hi
gh

er
-o

rd
er

pr
og

ra
m

m
in

g
la

ng
ua

ge
s.

In
P

re
lim

in
ar

y
pr

oc
ee

di
ng

s
o
f

th
e

21
st

C
on

fe
re

nc
e

on
M

at
he

m
at

ic
al

Fo
un

da
tio

ns
o
f

P
ro

gr
am

m
in

g
S

em
an

tic
s,

B
irm

in
gh

am
,

U
K

,
M

ay
20

05
.

Jo
hn

R
ey

no
ld

s
se

ss
io

n.

[3
0]

O
liv

ie
r

D
an

vy
,

ed
ito

r.
S

pe
ci

al
Is

su
e

on
th

e
K

ri
vi

n
e

A
bs

tra
ct

M
ac

hi
ne

,
H

ig
he

r-
O

rd
er

an
d

S
ym

bo
lic

C
om

pu
ta

tio
n.

S
pr

in
ge

r,
20

06
.

In
pr

ep
ar

at
io

n.

[3
1]

O
liv

ie
r

D
an

vy
an

d
P

et
er

D
yb

je
r,

ed
ito

rs
.

P
ro

ce
ed

in
gs

o
ft

he
19

98
A

P
P

S
E

M
W

or
ks

ho
p

on
N

or
m

al
iz

at
io

n
by

E
va

lu
at

io
n

(N
B

E
19

98
),

B
R

IC
S

N
ot

e
Se

rie
s

N
S

-9
8-

8,
G

ot
he

n-
bu

rg
,

S
w

ed
en

,
M

ay
19

98
.

B
R

IC
S

,
D

ep
ar

tm
en

t
of

C
om

pu
te

r
S

ci
en

ce
,

U
ni

ve
rs

ity
o
f



A
ar

hu
s.

[3
2]

O
liv

ie
r

D
an

vy
an

d
A

nd
rz

ej
F

ili
n
sk

i.
A

bs
tr

ac
tin

g
co

nt
ro

l.
In

W
 a

nd
[8

8]
,p

ag
es

15
1–

16
0.

[3
3]

O
liv

ie
r

D
an

vy
an

d
A

nd
rz

ej
F

ili
n

sk
i.

R
ep

re
se

nt
in

g
co

nt
ro

l,
a

st
ud

y
o

f
th

e
C

P
S

tr
an

s-
fo

rm
at

io
n.

M
at

he
m

at
ic

al
S

tr
uc

tu
re

s
in

C
om

pu
te

r
S

ci
en

ce
,

2(
4)

:3
61

–3
91

,
19

92
.

[3
4]

O
liv

ie
r

D
an

vy
an

d
K

ar
ol

in
e

M
a
lm

kj
æ

r.
In

te
ns

io
ns

an
d

ex
te

ns
io

ns
in

a
re

fle
ct

iv
e

to
w

er
.

In
C

ar
tw

rig
ht

[1
3]

,
pa

ge
s

32
7–

34
1

.

[3
5]

O
liv

ie
r

D
an

vy
an

d
La

ss
e

R
.

N
ie

ls
en

.
D

e
fu

n
ct

io
n

a
liz

a
tio

n
at

w
 o

rk
.

In
H

ar
al

d
S

ø
nd

er
ga

ar
d,

ed
ito

r,
P

ro
ce

ed
in

gs
o

f
th

e
T

hi
rd

In
te

rn
a
tio

n
a
l

A
C

M
S

IG
P

L
A

N
C

on
-

fe
re

nc
e

on
P

rin
ci

pl
es

an
d

P
ra

ct
ic

e
o

f
D

ec
la

ra
tiv

e
P

ro
gr

am
m

in
g

(P
P

D
P

’0
1)

,
pa

ge
s

16
2–

17
4,

F
ire

nz
e,

It
a

ly
,

S
ep

te
m

be
r

20
01

.
A

C
M

P
re

ss
.

E
xt

en
de

d
ve

rs
io

n
av

ai
la

bl
e

as
th

e
te

ch
ni

ca
l

re
po

rt
B

R
IC

S
R

S
-0

1-
23

.

[3
6]

O
liv

ie
r

D
an

vy
an

d
La

ss
e

R
.

N
ie

ls
en

.
R

ef
oc

us
in

g
in

re
du

ct
io

n
se

m
an

tic
s.

R
es

ea
rc

h
R

ep
or

t
B

R
IC

S
R

S
-0

4-
26

,
D

A
IM

I,
D

ep
ar

tm
en

t
o

f
C

om
pu

te
r

S
ci

en
ce

,
U

ni
ve

rs
ity

o
f

A
ar

hu
s,

A
ar

hu
s,

D
en

m
ar

k,
N

ov
em

be
r

20
04

.
A

pr
el

im
in

ar
y

ve
rs

io
n

ap
pe

ar
s

in
th

e
in

fo
rm

al
pr

oc
ee

di
ng

s
of

th
e

S
ec

on
d

In
te

rn
a
tio

n
a
l

W
or

ks
ho

p
on

R
ul

e-
B

as
ed

P
ro

gr
am

-
m

in
g

(R
U

LE
20

01
)

,
E

le
ct

ro
ni

c
N

ot
es

in
T

he
or

et
ic

al
C

om
pu

te
r

S
ci

en
ce

,
V

ol
.

59
.4

.

[3
7]

O
liv

ie
r

D
an

vy
an

d
Zh

e
Y

an
g.

A
n

op
er

at
io

na
l

in
ve

st
ig

at
io

n
of

th
e

C
P

S
hi

er
ar

ch
y.

In
S

.
D

oa
its

e
S

w
ie

rs
tr

a,
ed

ito
r,

P
ro

ce
ed

in
gs

o
f

th
e

E
ig

ht
h

E
ur

op
ea

n
S

ym
po

si
um

on



35
P

ro
gr

am
m

in
g,

nu
m

be
r

15
76

in
Le

ct
ur

e
N

ot
es

in
C

om
pu

te
r

S
ci

en
ce

,
pa

ge
s

22
4–

24
2,

A
m

st
er

da
m

,
T

he
N

et
he

rla
nd

s,
M

ar
ch

19
99

.
S

pr
in

ge
r-

V
er

la
g.

[3
8]

P
hi

lip
pe

de
G

ro
ot

e.
A

n
en

vi
ro

nm
en

t
m

ac
hi

ne
fo

r
th

e
la

m
bd

a-
m

u-
ca

lc
ul

us
.

M
at

he
-

m
at

ic
al

S
tr

uc
tu

re
s

in
C

om
pu

te
r

S
ci

en
ce

,
8:

63
7–

66
9,

19
98

.

[3
9]

R
.

K
en

t
D

yb
vi

g,
S

im
on

P
ey

to
n-

Jo
ne

s,
an

d
A

m
r

S
ab

ry
.

A
m

on
ad

ic
fr

am
ew

or
k

fo
r

su
bc

on
tin

ua
tio

ns
.

T
ec

hn
ic

al
R

ep
or

t
61

5,
C

om
pu

te
r

Sc
ie

nc
e

D
ep

ar
tm

en
t,

In
di

an
a

U
ni

-
ve

rs
ity

,
B

lo
om

in
gt

on
,

In
di

an
a,

Ju
ne

20
05

.

[4
0]

M
at

th
ia

s
Fe

lle
is

en
.

Th
e

C
al

cu
li

o
fλ

-v
-C

S
C

on
ve

rs
io

n:
A

S
yn

ta
ct

ic
Th

eo
ry

o
f

C
on

tr
ol

an
d

S
ta

te
in

Im
pe

ra
tiv

e
H

ig
he

r-
O

rd
er

P
ro

gr
am

m
in

g
La

ng
ua

ge
s.

P
hD

th
es

is
,

C
om

pu
te

r
S

ci
en

ce
D

ep
ar

tm
en

t,
In

di
an

a
U

ni
ve

rs
ity

,
B

lo
om

in
gt

on
,

In
di

an
a,

A
ug

us
t

19
87

.

[4
1]

M
at

th
ia

s
Fe

lle
is

en
.

T
he

th
eo

ry
an

d
pr

ac
tic

e
o

ff
irs

t-
cl

as
s

pr
om

pt
s.

In
Je

an
ne

F
er

ra
nt

e
an

d
P

et
er

M
ag

er
,

ed
ito

rs
,

P
ro

ce
ed

in
gs

o
f

th
e

F
ift

ee
nt

h
A

nn
ua

l
A

C
M

S
ym

po
si

um
on

P
rin

ci
pl

es
o

fP
ro

gr
am

m
in

g
La

ng
ua

ge
s,

pa
ge

s
18

0–
19

0,
S

an
D

ie
go

,
C

al
ifo

rn
ia

,
Ja

nu
ar

y
19

88
.

A
C

M
P

re
ss

.

[4
2]

M
at

th
ia

s
Fe

lle
is

en
an

d
M

at
th

ew
F

la
tt

.
P

ro
gr

am
m

in
g

la
ng

ua
ge

s
an

d
la

m
bd

a
ca

l-
cu

li.
U

np
ub

lis
he

d
le

ct
ur

e
no

te
s.

h
tt
p

:/
/w

w
w

.c
c
s

.n
e
u

.e
du

/h
om

e/
m

at
th

ia
s/

38
10

-w
02

/
re

ad
in

gs
.h

tm
l,

19
89

-2
00

3.

[4
3]

M
at

th
ia

s
Fe

lle
is

en
an

d
D

an
ie

l
P

.
F

rie
dm

an
.

C
on

tr
ol

op
er

at
or

s,
th

e
S

E
C

D
m

ac
hi

ne
,



an
d

th
e

λ-
ca

lc
ul

us
.

In
M

a
rt

in
W

irs
in

g,
ed

ito
r,

F
or

m
al

D
es

cr
ip

tio
n

o
f

P
ro

gr
am

m
in

g
C

on
ce

pt
s

II
I,

pa
ge

s
19

3–
21

7.
E

ls
ev

ie
r

S
ci

en
ce

P
ub

lis
he

rs
B

.V
.

(N
o

rt
h

-H
o

lla
n

d
)

,
A

m
-

st
er

da
m

,
19

86
.

[4
4]

M
at

th
ia

s
Fe

lle
is

en
,

D
an

ie
l

P
.

F
rie

dm
an

,
B

ru
ce

D
ub

a,
an

d
Jo

hn
M

e
rr

ill
.

B
ey

on
d

co
n-

tin
ua

tio
ns

.
T

ec
hn

ic
al

R
ep

or
t

21
6,

C
om

pu
te

r
S

ci
en

ce
D

ep
ar

tm
en

t,
In

di
an

a
U

ni
ve

rs
ity

,
B

lo
om

in
gt

on
,

In
di

an
a,

F
eb

ru
ar

y
19

87
.

[4
5]

M
at

th
ia

s
Fe

lle
is

en
,

M
itc

h
e

ll
W

an
d,

D
an

ie
l

P
.

F
rie

dm
an

,
an

d
B

ru
ce

F
.

D
ub

a.
A

b-
st

ra
ct

co
nt

in
ua

tio
ns

:
A

m
at

he
m

at
ic

al
se

m
an

tic
s

fo
r

ha
nd

lin
g

fu
ll

fu
nc

tio
na

l
j u

m
ps

.
In

C
ar

tw
rig

ht
[1

3]
,

pa
ge

s
52

–6
2.

[4
6]

A
nd

rz
ej

F
ili

n
sk

i.
R

ep
re

se
nt

in
g

la
ye

re
d

m
on

ad
s.

In
A

le
x

A
ik

en
,

ed
ito

r,
P

ro
ce

ed
in

gs
o

f
th

e
T

w
en

ty
-S

ix
th

A
nn

ua
l

A
C

M
S

ym
po

si
um

on
P

rin
ci

pl
es

of
P

ro
gr

am
m

in
g

La
ng

ua
ge

s,
pa

ge
s

17
5–

18
8,

S
an

A
nt

on
io

,
Te

xa
s,

Ja
nu

ar
y

19
99

.
A

C
M

P
re

ss
.

[4
7]

C 
´e

dr
ic

F
ou

rn
et

an
d

A
nd

re
w

D
.

G
or

do
n.

S
ta

ck
in

sp
ec

tio
n:

T
he

or
y

an
d

va
ria

nt
s.

A
C

M
T

ra
ns

ac
tio

ns
on

P
ro

gr
am

m
in

g
La

ng
ua

ge
s

an
d

S
ys

te
m

s,
25

(3
)

:3
60

–3
99

,
M

ay
20

03
.

[4
8]

S
te

ve
n

E
.

G
an

z,
D

an
ie

l
P

.
F

rie
dm

an
,

an
d

M
itc

h
e

ll
W

an
d.

T
ra

m
po

lin
ed

st
yl

e.
In

P
et

er
Le

e,
ed

ito
r,

P
ro

ce
ed

in
gs

o
f

th
e

19
99

A
C

M
S

IG
P

L
A

N
In

te
rn

a
tio

n
a
l

C
on

fe
re

nc
e

on
F

un
ct

io
na

l
P

ro
gr

am
m

in
g,

pa
ge

s
18

–2
7,

P
ar

is
,

Fr
an

ce
,

S
ep

te
m

be
r

19
99

.
A

C
M

P
re

ss
.

[4
9]

T
im

ot
hy

G
.

G
rif

fin
.

A
fo

rm
ul

ae
-a

s-
ty

pe
s

no
tio

n
o

f
co

nt
ro

l.
In

P
au

l
H

ud
ak

,
ed

ito
r,

P
ro

ce
ed

in
gs

o
f

th
e

S
ev

en
te

en
th

A
nn

ua
l

A
C

M
S

ym
po

si
um

on
P

rin
ci

pl
es

o
f

P
ro

gr
am

-
m

in
g

La
ng

ua
ge

s,
pa

ge
s

47
–5

8,
S

an
Fr

an
ci

sc
o,

C
al

ifo
rn

ia
,

Ja
nu

ar
y

19
90

.
A

C
M

P
re

ss
.



[5
0]

C
a

rl
G

un
te

r,
D

id
ie

r
R 

e´
m

y,
an

d
Jo

n
G

.
R

ie
ck

e.
A

ge
ne

ra
liz

at
io

n
o

f
ex

ce
pt

io
ns

an
d

co
nt

ro
l

in
M

L-
lik

e
la

ng
ua

ge
s.

In
S

im
on

P
ey

to
n

Jo
ne

s,
ed

ito
r,

P
ro

ce
ed

in
gs

o
f

th
e

S
ev

en
th

A
C

M
C

on
fe

re
nc

e
on

F
un

ct
io

na
l

P
ro

gr
am

m
in

g
an

d
C

om
pu

te
r

A
rc

hi
te

ct
ur

e,
pa

ge
s

12
–2

3,
La

Jo
lla

,
C

al
ifo

rn
ia

,
Ju

ne
19

95
.

A
C

M
P

re
ss

.

36
[5

1]
Th

´e
 r`

e s
e

H
ar

di
n,

Lu
c

M
ar

an
ge

t,
an

d
B

ru
no

P
ag

an
o.

F
un

ct
io

na
l

ru
nt

im
e

sy
st

em
s

w
ith

in
th

e
la

m
bd

a-
si

gm
a

ca
lc

ul
us

.
Jo

ur
na

l
o

fF
un

ct
io

na
l

P
ro

gr
am

m
in

g,
8(

2)
:1

31
–1

72
,

19
98

.

[5
2]

R
ob

er
t

H
ar

pe
r,

B
ru

ce
F

.
D

ub
a,

an
d

D
av

id
M

ac
Q

ue
en

.
T

yp
in

g
fir

st
-c

la
ss

co
nt

in
ua

tio
ns

in
M

L
.

Jo
ur

na
l

o
fF

un
ct

io
na

l
P

ro
gr

am
m

in
g,

3(
4)

:4
65

–4
84

,
O

ct
ob

er
19

93
.

[5
3]

C
hr

is
to

ph
er

T
.

H
ay

ne
s,

D
an

ie
l

P
.

F
rie

dm
an

,
an

d
M

itc
he

ll
W

an
d.

C
on

tin
ua

tio
ns

an
d

co
ro

ut
in

es
.

In
G

uy
L
.

St
ee

le
Jr

.,
ed

ito
r,

C
on

fe
re

nc
e

R
ec

or
d

o
f

th
e

19
84

A
C

M
S

ym
-

po
si

um
on

Li
sp

an
d

F
un

ct
io

na
l

P
ro

gr
am

m
in

g,
pa

ge
s

29
3–

29
8,

A
us

tin
,

Te
xa

s,
A

ug
us

t
19

84
.

A
C

M
P

re
ss

.

[5
4]

C
a

rl
H

ew
itt

.
C

on
tr

ol
st

ru
ct

ur
e

as
pa

tte
rn

s
o

fp
as

si
ng

m
es

sa
ge

s.
In

P
at

ric
k

H
en

ry
W

in
-

st
on

an
d

R
ic

ha
rd

H
en

ry
B

ro
w

n,
ed

ito
rs

,
A

rt
ifi

ci
a

l
In

te
lli

ge
nc

e:
A

n
M

IT
P

er
sp

ec
tiv

e,
vo

lu
m

e
2,

pa
ge

s
43

4–
46

5.
T

he
M

IT
P

re
ss

,
19

79
.

[5
5]

R
ob

er
t

H
ie

b,
R

.
K

en
t

D
yb

vi
g,

an
d

C
a

rl
B

ru
gg

em
an

.
R

ep
re

se
nt

in
g

co
nt

ro
l

in
th

e
pr

es
en

ce
of

fir
st

-c
la

ss
co

nt
in

ua
tio

ns
.

In
B

er
na

rd
La

ng
,

ed
ito

r,
P

ro
ce

ed
in

gs
o

f
th

e
A

C
M

S
IG

P
LA

N
’9

0
C

on
fe

re
nc

e
on

P
ro

gr
am

m
in

g
La

ng
ua

ge
s

D
es

ig
n

an
d

Im
pl

em
en

ta
tio

n,



S
IG

P
LA

N
N

ot
ic

es
,

V
ol

.
25

,
N

o
6,

pa
ge

s
66

–7
7,

W
h

ite
P

la
in

s,
N

ew
Y

or
k,

Ju
ne

19
90

.
A

C
M

P
re

ss
.

[5
6]

Y
 u

ki
yo

sh
i

K
am

ey
am

a.
A

xi
om

s
fo

r
de

lim
ite

d
co

nt
in

ua
tio

ns
in

th
e

C
P

S
hi

er
ar

ch
y.

In
Je

rz
y

M
ar

ci
nk

ow
sk

i
an

d
A

nd
rz

ej
T

ar
le

ck
i,

ed
ito

rs
,

C
om

pu
te

r
S

ci
en

ce
Lo

gi
c,

18
th

In
te

rn
at

io
na

l
W

or
ks

ho
p,

C
S

L
20

04
,

13
th

A
nn

ua
l

C
on

fe
re

nc
e

o
f

th
e

E
A

C
S

L,
Pr

oc
ee

d-
in

gs
,

vo
lu

m
e

32
10

o
f

Le
ct

ur
e

N
ot

es
in

C
om

pu
te

r
S

ci
en

ce
,

pa
ge

s
44

2–
45

7,
K

ar
pa

cz
,

P
ol

an
d,

S
ep

te
m

be
r

20
04

.
S

pr
in

ge
r.

[5
7]

R
ic

ha
rd

K
el

se
y,

W
ill

ia
m

C
lin

ge
r,

an
d

Jo
na

th
an

R
ee

s,
ed

ito
rs

.
R

ev
is

ed
5

re
po

rt
on

th
e

al
go

rit
hm

ic
la

ng
ua

ge
S

ch
em

e.
H

ig
he

r-
O

rd
er

an
d

S
ym

bo
lic

C
om

pu
ta

tio
n,

11
(1

):
7–

10
5,

19
98

.

[5
8]

O
le

g
K

is
el

yo
v.

H
ow

to
re

m
ov

e
a

dy
na

m
ic

pr
om

pt
:

S
ta

tic
an

d
dy

na
m

ic
de

lim
ite

d
co

n-
tin

ua
tio

n
op

er
at

or
s

ar
e

eq
ua

lly
ex

pr
es

si
bl

e.
Te

ch
ni

ca
l

R
ep

or
t

61
1,

C
om

pu
te

r
Sc

ie
nc

e
D

ep
ar

tm
en

t,
In

di
an

a
U

ni
ve

rs
ity

,
B

lo
om

in
gt

on
,

In
di

an
a,

M
ar

ch
20

05
.

[5
9]

Je
an

-L
ou

is
K

ri
vi

n
e
.

U
n

in
te

rp
re

 `t
e

d
u

λ-
ca

lc
ul

.
B

ro
ui

llo
n.

A
va

ila
bl

e
on

lin
e

at
h
tt
p

:
//w

w
w

.p
ps

.j
us

si
eu

.
.f
r/

~
k
ri
v
in

e
/,

19
85

.

[6
0]

Je
an

-L
ou

is
K

ri
vi

n
e
.

A
ca

ll-
by

-n
am

e
la

m
bd

a-
ca

lc
ul

us
m

ac
hi

ne
.

In
D

an
vy

[3
0]

.
To

ap
pe

ar
.

A
va

ila
bl

e
on

lin
e

at
h
tt
p

:/
/w

w
w

.p
p
s

.ju
ss

ie
u

.f
r/

~
k
ri
v
in

e
/.

[6
1]

P
et

er
J.

La
nd

in
.

T
he

m
ec

ha
ni

ca
l

ev
al

ua
tio

n
o
f

ex
pr

es
si

on
s.

Th
e

C
om

pu
te

r
Jo

ur
na

l,
6(

4)
:3

08
–3

20
,

19
64

.



[6
2]

P
et

er
J.

La
nd

in
.

A
ge

ne
ra

liz
at

io
n

o
f

j u
m

ps
an

d
la

be
ls

.
T

ec
hn

ic
al

re
po

rt
,

U
N

IV
A

C
S

ys
te

m
s

P
ro

gr
am

m
in

g
R

es
ea

rc
h,

19
65

.
R

ep
rin

te
d

in
H

ig
he

r-
O

rd
er

an
d

S
ym

bo
lic

C
om

-
p

u
ta

tio
n

1
1(

2)
:1

25
–1

43
,

19
98

,
w

ith
a

fo
re

w
or

d
[8

4]
.

[6
3]

Jo
hn

La
un

ch
bu

ry
.

A
n
a
tu

ra
l

se
m

an
tic

s
fo

r
la

zy
ev

al
ua

tio
n.

In
S

us
an

L
.

G
ra

ha
m

,
ed

i-
to

r,
P

ro
ce

ed
in

gs
o
f

th
e

T
w

en
tie

th
A

nn
ua

l
A

C
M

S
ym

po
si

um
on

P
rin

ci
pl

es
o
fP

ro
gr

am
-

m
in

g
La

ng
ua

ge
s,

pa
ge

s
14

4–
15

4,
C

ha
rle

st
on

,
S

ou
th

C
ar

ol
in

a,
Ja

nu
ar

y
19

93
.

A
C

M
P

re
ss

.

37
[6

4]
X

av
ie

r
Le

ro
y.

T
he

Zi
nc

ex
pe

rim
en

t:
an

ec
on

om
ic

al
im

pl
em

en
ta

tio
n

o
f

th
e

M
L

la
n-

gu
ag

e.
R

ap
po

rt
Te

ch
ni

qu
e

11
7,

IN
R

IA
R

oc
qu

en
co

ur
t,

Le
C

he
sn

ay
,

Fr
an

ce
,

F
eb

ru
ar

y
19

90
.

[6
5]

P
ie

rr
e

Le
sc

an
ne

.
F

ro
m

λσ
to

λv
a

jo
ur

ne
y

th
ro

ug
h

ca
lc

ul
i

o
f

ex
pl

ic
it

su
bs

tit
ut

io
ns

.
In

H
an

s-
J.

B
oe

hm
,

ed
ito

r,
P

ro
ce

ed
in

gs
o
f

th
e

T
w

en
ty

-F
irs

t
A

nn
ua

l
A

C
M

S
ym

po
si

um
on

P
rin

ci
pl

es
o
f

P
ro

gr
am

m
in

g
La

ng
ua

ge
s,

pa
ge

s
60

–6
9,

P
or

tla
nd

,
O

re
go

n,
Ja

nu
ar

y
19

94
.

A
C

M
P

re
ss

.

[6
6]

S
im

on
M

ar
lo

w
an

d
S

im
on

L
.

P
ey

to
n

Jo
ne

s.
M

ak
in

g
a

fa
st

cu
rr

y:
pu

sh
/e

nt
er

vs
.

ev
al

/a
pp

ly
fo

r
hi

gh
er

-o
rd

er
la

ng
ua

ge
s.

In
K

at
hl

ee
n

F
is

he
r,

ed
ito

r,
P

ro
ce

ed
in

gs
o
f

th
e

20
04

A
C

M
S

IG
P

L
A

N
In

te
rn

at
io

na
l

C
on

fe
re

nc
e

on
F

un
ct

io
na

l
P

ro
gr

am
m

in
g,

S
IG

P
LA

N
N

ot
ic

es
,

V
ol

.
39

,
N

o.
9,

pa
ge

s
4–

15
,

S
no

w
bi

rd
,

U
ta

h
,

S
ep

te
m

be
r

20
04

.



A
C

M
P

re
ss

.

[6
7]

Jo
hn

M
cC

ar
th

y.
R

ec
ur

si
ve

fu
nc

tio
ns

o
f

sy
m

bo
lic

ex
pr

es
si

on
s

an
d

th
ei

r
co

m
pu

ta
tio

n
by

m
ac

hi
ne

,
pa

rt
I.

C
om

m
un

ic
at

io
ns

o
f

th
e

A
C

M
,

3(
4)

:1
84

–1
95

,
19

60
.

[6
8]

P
et

er
D

.
M

os
se

s.
A

fo
re

w
or

d
to

‘F
un

da
m

en
ta

l
co

nc
ep

ts
in

pr
og

ra
m

m
in

g
la

ng
ua

ge
s’

.
H

ig
he

r-
O

rd
er

an
d

S
ym

bo
lic

C
om

pu
ta

tio
n,

13
(1

/2
):7

–9
,

20
00

.

[6
9]

M
ic

he
l

P
ar

ig
ot

.
λ

µ-
ca

lc
ul

us
:

an
al

go
rit

hm
ic

in
te

rp
re

ta
tio

n
of

cl
as

si
ca

l
na

tu
ra

l
de

du
c-

tio
n
.
In

A
nd

re
i

V
or

on
ko

v,
ed

ito
r,

P
ro

ce
ed

in
gs

o
ft

he
In

te
rn

a
tio

n
a

l
C

on
fe

re
nc

e
on

Lo
gi

c
P

ro
gr

am
m

in
g

an
d

A
ut

om
at

ed
R

ea
so

ni
ng

,
nu

m
be

r
62

4
in

Le
ct

ur
e

N
ot

es
in

A
rt

ifi
ci

a
l

In
te

lli
ge

nc
e,

pa
ge

s
19

0–
20

1,
S

t.
P

et
er

sb
ur

g,
R

us
si

a,
Ju

ly
19

92
.

S
pr

in
ge

r-
V

er
la

g.

[7
0]

G
or

do
n

D
.

P
lo

tk
in

.
C

al
l-b

y-
na

m
e,

ca
ll-

by
-v

al
ue

an
d

th
e

λ
-c

al
cu

lu
s.

T
he

or
et

ic
al

C
om

-
pu

te
r

S
ci

en
ce

,
1:

12
5–

15
9,

19
75

.

[7
1]

Fr
an

 c
¸o

is
P

o
tt

ie
r,

C
hr

is
tia

n
S

ka
lk

a,
an

d
S

co
tt

S
m

ith
.

A
sy

st
em

at
ic

ap
pr

oa
ch

to
st

at
ic

ac
ce

ss
co

nt
ro

l.
A

C
M

Tr
an

sa
ct

io
ns

on
P

ro
gr

am
m

in
g

La
ng

ua
ge

s
an

d
S

ys
te

m
s,

27
(2

)
,

20
05

.

[7
2]

Jo
hn

C
.

R
ey

no
ld

s.
D

ef
in

iti
on

al
in

te
rp

re
te

rs
fo

r
hi

gh
er

-o
rd

er
pr

og
ra

m
m

in
g

la
ng

ua
ge

s.
In

P
ro

ce
ed

in
gs

o
f

25
th

A
C

M
N

at
io

na
l

C
on

fe
re

nc
e,

pa
ge

s
71

7–
74

0,
B

os
to

n,
M

as
-

sa
ch

us
et

ts
,

19
72

.
R

ep
rin

te
d

in
H

ig
he

r-
O

rd
er

an
d

S
ym

bo
lic

C
om

pu
ta

tio
n

11
(4

):3
63

–
39

7,
19

98
,

w
ith

a
fo

re
w

or
d

[7
4]

.

[7
3]

Jo
hn

C
.

R
ey

no
ld

s.
T

he
di

sc
ov

er
ie

s
o

f
co

nt
in

ua
tio

ns
.

Li
sp

an
d

S
ym

bo
lic

C
om

pu
ta

tio
n,



6(
3/

4)
:2

33
–2

47
,

19
93

.

[7
4]

Jo
hn

C
.

R
ey

no
ld

s.
D

ef
in

iti
on

al
in

te
rp

re
te

rs
re

vi
si

te
d.

H
ig

he
r-

O
rd

er
an

d
S

ym
bo

lic
C

om
pu

ta
tio

n,
11

(4
):

35
5–

36
1,

19
98

.

[7
5]

K
ris

to
ffe

r
H

.
R

os
e.

E
xp

lic
it

su
bs

tit
ut

io
n

– 
 tu

to
ria

l
&

su
rv

ey
.

B
R

IC
S

Le
ct

ur
e

Se
rie

s
LS

-9
6-

3,
D

A
IM

I,
D

ep
ar

tm
en

t
o
f

C
om

pu
te

r
S

ci
en

ce
,

U
ni

ve
rs

ity
o
f

A
ar

hu
s,

A
ar

hu
s,

D
en

m
ar

k,
S

ep
te

m
be

r
19

96
.

[7
6]

E
ri
k

S
an

de
w

al
l.

A
n

ea
rly

us
e

o
f

co
nt

in
ua

tio
ns

an
d

p
a
rt

ia
l

ev
al

ua
tio

n
fo

r
co

m
pi

lin
g

ru
le

s
w

ri
tt
e
n

in
F

O
P

C
.

H
ig

he
r-

O
rd

er
an

d
S

ym
bo

lic
C

om
pu

ta
tio

n,
12

(1
)

:1
05

–1
13

,
19

99
.

38
[7

7]
C

hu
ng

-c
hi

eh
S

ha
n.

S
hi

ft
to

co
nt

ro
l.

In
O

lin
S

hi
ve

rs
an

d
O

sc
ar

W
ad

de
ll,

ed
ito

rs
,

P
ro

-
ce

ed
in

gs
o
f

th
e

20
04

A
C

M
S

IG
P

L
A

N
W

or
ks

ho
p

on
Sc

he
m

e
an

d
F

un
ct

io
na

l
P

ro
gr

am
-

m
in

g,
Te

ch
ni

ca
l

re
po

rt
T

R
60

0,
C

om
pu

te
r

Sc
ie

nc
e

D
ep

ar
tm

en
t,

In
di

an
a

U
ni

ve
rs

ity
,

S
no

w
bi

rd
,

U
ta

h,
S

ep
te

m
be

r
20

04
.

[7
8]

D
or

ai
S

ita
ra

m
an

d
M

at
th

ia
s

Fe
lle

is
en

.
C

on
tr

ol
de

lim
ite

rs
an

d
th

ei
r

hi
er

ar
ch

ie
s.

Li
sp

an
d

S
ym

bo
lic

C
om

pu
ta

tio
n,

3(
1)

:6
7–

99
,

Ja
nu

ar
y

19
90

.



[7
9]

B
ri
a
n

C
.

S
m

ith
.

R
ef

le
ct

io
n

an
d

se
m

an
tic

s
in

Li
sp

.
In

K
en

K
en

ne
dy

,
ed

ito
r,

P
ro

ce
ed

in
gs

o
f

th
e

E
le

ve
nt

h
A

nn
ua

l
A

C
M

S
ym

po
si

um
on

P
rin

ci
pl

es
o

f
P

ro
gr

am
m

in
g

La
ng

ua
ge

s,
pa

ge
s

23
–3

5,
S

al
t

La
ke

C
ity

,
U

ta
h,

Ja
nu

ar
y

19
84

.
A

C
M

P
re

ss
.

[8
0]

G
uy

L
.

S
te

el
e

Jr
.

R
ab

bi
t:

A
co

m
pi

le
r

fo
r

S
ch

em
e.

M
as

te
r’

s
th

es
is

,
A

rt
ifi

ci
a
l

In
te

lli
-

ge
nc

e
La

bo
ra

to
ry

,
M

as
sa

ch
us

et
ts

In
st

itu
te

o
f

Te
ch

no
lo

gy
,

C
am

br
id

ge
,

M
as

sa
ch

us
et

ts
,

M
ay

19
78

.
T

ec
hn

ic
al

re
po

rt
A

I-
T

R
-4

74
.

[8
1]

C
hr

is
to

ph
er

S
tra

ch
ey

.
F

un
da

m
en

ta
l

co
nc

ep
ts

in
pr

og
ra

m
m

in
g

la
ng

ua
ge

s.
In

te
rn

a-
tio

n
a
l

S
um

m
er

S
ch

oo
l

in
C

om
pu

te
r

P
ro

gr
am

m
in

g,
C

op
en

ha
ge

n,
D

en
m

ar
k,

A
ug

us
t

19
67

.
R

ep
rin

te
d

in
H

ig
he

r-
O

rd
er

an
d

S
ym

bo
lic

C
om

pu
ta

tio
n

13
(1

/2
):

11
–4

9,
20

00
,

w
ith

a
fo

re
w

or
d

[6
8]

.

[8
2]

C
hr

is
to

ph
er

S
tra

ch
ey

an
d

C
hr

is
to

ph
er

P
.

W
 a

ds
w

or
th

.
C

on
tin

ua
tio

ns
:

A
m

at
he

m
at

i-
ca

l
se

m
an

tic
s

fo
r

ha
nd

lin
g

fu
ll

j u
m

ps
.

T
ec

hn
ic

al
M

on
og

ra
ph

P
R

G
-1

1,
O

xf
or

d
U

ni
ve

r-
si

ty
C

om
pu

tin
g

La
bo

ra
to

ry
,

P
ro

gr
am

m
in

g
R

es
ea

rc
h

G
ro

up
,

O
xf

or
d,

E
ng

la
nd

,
19

74
.

R
ep

rin
te

d
in

H
ig

he
r-

O
rd

er
an

d
S

ym
bo

lic
C

om
pu

ta
tio

n
13

(1
/2

)
:1

35
–1

52
,

20
00

,
w

ith
a

fo
re

w
or

d
[8

7]
.

[8
3]

G
er

al
d

J.
S

us
sm

an
an

d
G

uy
L
.

S
te

el
e

Jr
.

S
C

H
E

M
E

:
A

n
in

te
rp

re
te

r
fo

r
ex

te
nd

ed
la

m
bd

a
ca

lc
ul

us
.

A
I

M
em

o
34

9,
A

rt
ifi

ci
a
l

In
te

lli
ge

nc
e

La
bo

ra
to

ry
,

M
as

sa
ch

us
et

ts
In

st
itu

te
of

Te
ch

no
lo

gy
,

C
am

br
id

ge
,

M
as

sa
ch

us
et

ts
,

D
ec

em
be

r
19

75
.

R
ep

rin
te

d
in

H
ig

he
r-

O
rd

er
an

d
S

ym
bo

lic
C

om
pu

ta
tio

n
11

(4
):

40
5–

43
9,

19
98

,
w

ith
a

fo
re

w
or

d.

[8
4]

H
ay

o
Th

ie
le

ck
e.

A
n

in
tr

o
d
u
ct

io
n

to
La

nd
in

’s
“

A
ge

ne
ra

liz
at

io
n

o
fj

 u
m

ps
an

d
la

be
ls

”
.



H
ig

he
r-

O
rd

er
an

d
S

ym
bo

lic
C

om
pu

ta
tio

n,
11

(2
):

11
7–

12
4,

19
98

.

[8
5]

Je
an

V
ui

lle
m

in
.

C
or

re
ct

an
d

op
tim

al
im

pl
em

en
ta

tio
ns

o
f

re
cu

rs
io

n
in

a
si

m
pl

e
pr

o-
gr

am
m

in
g

la
ng

ua
ge

.
Jo

ur
na

l
o

f
C

om
pu

te
r

an
d

S
ys

te
m

Sc
ie

nc
es

,
9(

3)
:3

32
–3

54
,

19
74

.

[8
6]

P
hi

lip
W

ad
le

r.
T

he
es

se
nc

e
o

f
fu

nc
tio

na
l

pr
og

ra
m

m
in

g
(in

vi
te

d
ta

lk
).

In
A

nd
re

w
W

.
A

pp
el

,
ed

ito
r,

Pr
oc

ee
di

ng
s

o
f

th
e

N
in

et
ee

nt
h

A
nn

ua
l

A
C

M
S

ym
po

si
um

on
P

rin
ci

pl
es

o
f

P
ro

gr
am

m
in

g
La

ng
ua

ge
s,

pa
ge

s
1–

14
,

A
lb

uq
ue

rq
ue

,
N

ew
M

ex
ic

o,
Ja

nu
ar

y
19

92
.

A
C

M
P

re
ss

.

[8
7]

C
hr

is
to

ph
er

P
.W

ad
sw

or
th

.
C

on
tin

ua
tio

ns
re

vi
si

te
d.

H
ig

he
r-

O
rd

er
an

d
S

ym
bo

lic
C

om
-

pu
ta

tio
n,

13
(1

/2
)

:1
31

–1
33

,
20

00
.

[8
8]

M
itc

he
ll

W
 a

nd
,

ed
ito

r.
P

ro
ce

ed
in

gs
o

f
th

e
19

90
A

C
M

C
on

fe
re

nc
e

on
Li

sp
an

d
F

un
c-

tio
n

a
l

P
ro

gr
am

m
in

g,
N

ic
e,

Fr
an

ce
,

Ju
ne

19
90

.
A

C
M

P
re

ss
.

[8
9]

M
itc

he
ll

W
an

d
an

d
D

an
ie

l
P

.
F

rie
dm

an
.

T
he

m
ys

te
ry

o
f

th
e

to
w

er
re

ve
al

ed
:

A
no

n-
re

fle
ct

iv
e

de
sc

rip
tio

n
o

ft
he

re
fle

ct
iv

e
to

w
er

.
Li

sp
an

d
S

ym
bo

lic
C

om
pu

ta
tio

n,
1(

1)
:1

1–
38

,
M

ay
19

88
.

39

R
ec

en
t

B
R

IC
S

R
ep

or
t

S
er

ie
s

P
ub

lic
at

io
ns



R
S

-0
5-

38
M

ał
go

rz
at

a
B

ie
rn

ac
ka

an
d

O
liv

ie
r

D
an

vy
.

A
S 

yn
ta

ct
ic

C
or

re
-

sp
on

de
nc

e
be

tw
ee

n
C

on
te

xt
-S

en
si

tiv
e

C
al

cu
li

an
d

A
bs

tr
ac

t
M

a-
ch

in
es

.
D

ec
em

be
r

20
05

.
iii

+
39

p
p

.
R

ev
is

ed
ve

rs
io

n
o
f

B
R

IC
S

R
S

-0
5-

22
.

R
S

-0
5-

37
G

e
rt

h
S

tø
lti

n
g

B
ro

da
l,

K
an

el
a

K
al

ig
os

i,
Ir

it
K

a
tr

ie
l,

an
d

M
a

r-
ti
n

K
u

tz
.

F 
as

te
r

A
 lg

or
ith

m
s

fo
r

C
om

pu
tin

g
Lo

ng
es

t
C

om
m

on
In

cr
ea

si
ng

S 
ub

se
qu

en
ce

s.
D

ec
em

be
r

20
05

.
16

p
p

.

R
S

-0
5-

36
D

ar
iu

sz
B

ie
rn

ac
ki

,
O

liv
ie

r
D

an
vy

,
an

d
C

hu
ng

-c
hi

eh
S

ha
n.

O
n

th
e

S 
ta

tic
an

d
D

yn
am

ic
E

xt
en

ts
of

 D
el

im
ite

d
C

on
tin

ua
tio

ns
.

D
e-

ce
m

be
r

20
05

.
ii+

33
p

p
.

To
ap

pe
ar

in
th

e
jo

u
rn

a
l

S
ci

en
ce

o 
f

C
om

pu
te

r
P

 r
og

ra
m

m
in

g.
S

up
er

se
de

s
B

R
IC

S
R

S
-0

5-
13

.

R
S

-0
5-

35
K

ri
st

ia
n

S
tø

vr
in

g
.

E
 x

te
nd

in
g

th
e

E
 x

te
ns

io
na

l
L 

am
bd

a
C

al
cu

lu
s

w
ith

S
ur

je
ct

iv
e

P
ai

rin
g

i s
C

on
se

rv
at

iv
e.

N
ov

em
be

r
20

05
.

19
p

p
.

To
ap

pe
ar

in
Lo

gi
ca

l
M

et
ho

ds
i n

C
om

pu
te

r
S

ci
en

ce
.

R
S

-0
5-

34
H

en
ni

ng
K

or
sh

ol
m

R
oh

de
.

F 
or

m
al

A
sp

ec
ts

of
P

 o
ly

va
ria

nt
S 

pe
-

ci
al

iz
at

io
n.

N
ov

em
be

r
20

05
.

27
p

p
.



R
S

-0
5-

33
Lu

ca
A

ce
to

,
W

ill
em

Ja
n

F
ok

ki
nk

,
A

nn
a

In
go

 ´l
fs

do
 ´t

tir
,

an
d

S
um

it
N

ai
n.

B
 is

im
ila

rit
y

i s
no

t
F

in
ite

ly
B 

as
ed

o 
ve

r
B

P
A

w
ith

In
te

rr
up

t.
O

ct
ob

er
20

05
.

33
pp

.
T

hi
s

pa
pe

r
su

pe
rs

ed
es

B
R

IC
S

R
ep

or
t

R
S

-0
4-

24
.

A
n

ex
te

nd
ed

ab
st

ra
ct

o
ft

hi
s

pa
pe

r
ap

pe
ar

ed
in

A
lg

eb
ra

an
d

C
oa

lg
eb

ra
i n

C
om

pu
te

r
S

ci
en

ce
,

1s
t

C
on

fe
re

nc
e,

C
A

LC
O

2 
00

5,
S

w
an

se
a,

W
al

es
,

3–
6

S
ep

te
m

be
r

20
05

,
Le

ct
ur

e
N

ot
es

in
C

om
pu

te
r

Sc
ie

nc
e

36
29

,
pp

.
54

–6
8,

S
pr

in
ge

r-
V

er
la

g,
20

05
.

R
S

-0
5-

32
A

nd
er

s
M

ø
lle

r,
M

ad
s

Ø
st

e
rb

y
O

le
se

n,
an

d
M

ic
ha

el
I.

S
ch

w
ar

tz
ba

ch
.

S 
ta

tic
V

al
id

at
io

n
of

X
 S

L
T

ra
ns

fo
rm

at
io

ns
.

O
c-

to
be

r
20

05
.

50
pp

.

R
S

-0
5-

31
C

hr
is

tia
n

K
irk

eg
aa

rd
an

d
A

 n
de

rs
M

ø
lle

r.
Ty

pe
C

he
ck

in
g

w
ith

X
M

L
Sc

he
m

a
i n

X
A

C
T

.
S

ep
te

m
be

r
20

05
.

20
pp

.

R
S

-0
5-

30
K

a
rl

K
ru

ko
w

.
A

n
O

pe
ra

tio
na

l
S

em
an

tic
s

fo
r

Tr
us

t
P

 o
lic

ie
s.

S
ep

te
m

be
r

20
05

.
38

pp
.

R
S

-0
5-

29
O

liv
ie

r
D

an
vy

an
d

H
en

ni
ng

K
or

sh
ol

m
R

oh
de

.
O

n
O

bt
ai

ni
ng

th
e

B
 o

ye
r-

M
oo

re
S

 tr
in

g-
M

at
ch

in
g

A
 lg

or
ith

m
b y

P
ar

tia
l

E
va

lu
a-

tio
n.

S
ep

te
m

be
r

20
05

.
ii+

9
pp

.
To

ap
pe

ar
in

I n
fo

rm
at

io
n

P 
ro

-



ce
ss

in
g

Le
tte

rs
.

T
hi

s
ve

rs
io

n
su

pe
rs

ed
es

B
R

IC
S

R
S

-0
5-

14
.


