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The semantics presented here originally appeared in Churchill and Mosses’ Modular Bisimulation Theory for
Computations and Values |2]. It has been adapted to be value-computation free; i.e., all value terms are considered

fully normalized.
For details on how the refocused and striding rules were generated from the small-step semantics in Sect. [I| cf. [1].

Disclaimer: all rules in this file have been auto-generated by the MSOS Derivation Tool, which is still at an early

development stage.

1 Small-Step Semantics

1.1 apply

apply(v(abs(z1, v(r2), 23)), v(24)) 2 v(2)
map-update(z1, z2,v(x3), T4) s {env=a4,X1} 2
{env=24,X1}
—_—

apply(v(abs(za, 75, 1)), v(3)) apply(v(abs(za, 75, 1)), v(23))

Ly /
Ty — X3

L
apply(v(z2), z1) = apply(v(zz), z])

Ly ’
1‘1 — .1‘1

L
apply(z1,z2) — apply (2, z2)

1.2 assign

Li
T —>./E1

assign(z2, 1) L, assign(zq, 1)

map_update(xy, T2, v(73), T4)

{store=z1,store’=x4,—} .
: : v(skip)

assign (2, v(z3))

1.3 atomic

atomic(v(z1)) =2 v(z1)

2 2 ) atomic(z}) <2 v(a»)

atomic(xy) Laoks, v(z2)

1.4 bound

{env=x,,—}

bound(zs) ———— lookup(z1, z2)



1.5 catch

catch(v(z1), z2) fexer=vni), v(z1)

{exc’=v(cons(z2,v(nil))),e=0,e'=1,X1 } (E/l - 7& V(nl|)

T

’— i),e=0,e’=0,X
catch(zy, x3) foc=vinl) e=0.20. X1} apply(z3, z2)

{exc’=v(nil),e=0,e'=0,X1}
|

T1

{exc’=v(nil),e=0,e’=0,X1} ,
catch(x), z2)

catch(z1, z2)

1.6 deref

deref(z2) store=z1, 4, lookup(z1, x2)

1.7 eq

Ly
331 —>.r1

L
eq(w2, 1) — eq(x2, )

Ly 7
T — X1

eq(z1,x2) i> eq(z7,r2)
T1 # T
eq(v(z1),v(za)) =L v(false)
T = X2

eq(v(z1), v(z2)) Q (true)

1.8 if
Ly

if (v(false), z1, x2) i Z9

if (v(true), z1, z2) = x1

1.9 int_add

msos_int_add(x1, 2, z3)

int_add(v(z1),v(z2)) i v(w3)

Ly ’
331 — .rl

int_add(z2, 21) 2 int_add(22, 2/))

L,y ’
T — X1

int_add(zy, 22) 2 int_add(2,, z2)



1.10 int_mod

msos_int_-mod(x1, 2, x3)

int_mod(v(z1),v(z2)) =, v(zs)

L1 ’
Ty — X3

int_mod(z2, x1) L, int_mod(xa, })

Ly ’
331 — .rl

int_mod (21, 72) <% int_mod (2, z2)

1.11 int_mul

msos_int_mul(x1, x2, x3)

int_mul(v(z1), v(za)) —— v(xs)

Ly ’
331 — .rl

int_mul(zs, 21) = int_mul(z2, 2,

L1y ’
Ty — X3

int_mul(x,x2) L, int_mul(z}, z2)

1.12 int_sub

msos_int_sub(z1, T2, x3)

int_sub(v(z1), v(x2)) AN v(zs)

L1y ’
Ty — X3

int_sub(za,71) L, int_sub(xo, x})

Ly ’
331 — .rl

int_sub(x1, x2) L, int_sub(x}, x2)

1.13 lambda

lambda(x1, z2) dev=as ), v(abs(z1, 72, 23))

1.14 let

let(xy, 22, v(z3)) = v(zs)

map_update(z1, o, v(23), 74) a5 i Xthy

5
{env=z1,X;

let(zo, v(xs), T5) ) let(z2,v(z3), z5)

Li
T —>./E1

let(x2, 71, 73) = let(za, 2/, x3)

1.15 lookup

lookup(map_prefix(z1, v(z2), z3), 1) i v(z2)
lookup(1,2) s v(xs) @i #

lookup(map_prefix(x4, v(zs5), 1), 22) =, v(z3)



1.16 print

{output’=z1,—}
—>

print(z1) v(skip)

1.17 seq

seq(v(skip), 1) 5 2

Ly ’
T — .%‘1

L
seq(z1,72) — SeCI(iL'iaﬂfz)

1.18 throw

{exc’=v(cons(z1,v(nil))),e’=1,—}

throw(z1)

s_(stuck)

1.19 while

while(z1, 2) 5 if (1, seq (s, while(z1, 22)), v(skip))



2 Refocused Semantics

2.1 apply

apply(v(abs(z1, v(z2), ¥3)), v(24)) ——5 v(ws)

map_update(za, x3,v(z4), x5) Te M xg apply(v(abs(zs, z§, z2)), v(z4)) —* 27

Loo{e=0,env=x1,X1}

apply(v(abs(xsz, xg, x2)),v(z4)) T7
o1 B0 o apply(v(aa), o) 2% 2

apply(v(z2), 1) Leotex0 M),

{e=0,X1} Ly
rp ———— xy  apply(z], x2) = x3

Lyo{e=0,X1}
—_—> X

apply(z1,22)

2.2 assign

{e=0,X1} ’ . ’ Lo 4
] ——— ) assign(za, }) —* x5

Lao{e=0,X1}
— 13

assign(z2, 1)

map_update(z1, 2, v(x3), T4)

{store=x1 ,store’ =x4,—}

assign(za,v(z3)) v(skip)

2.3 atomic

atomic(v(z1)) i, v(zy)

21 22 ot atomic(z) =2 v(z2)

atomic(zq) A Jole=020d, v(z2)

2.4 bound

) {env=x1,

bound (z» —} lookup(z1, 22)

2.5 catch

e— 'I ,—
catch(v(a1), 22) “ZET ()
/_ z i 0=l X |
al foe st BN x x2 # v(nil) apply(z3, z2) L—2>* Ty
Catch(xl’zg) Lyo{e=0,exc’=v(nil),e’=0,X1} o

{exc’=v(nil),e=0,e’=0,X1 } L
Ty ) catch(z), z2) =" x3

) Lao{e=0,exc’=v(nil),e’=0,X1}

catch ((,El, T2 T3

2.6 deref

{store=x1,

deref(z2) — lookup(z1, x2)



2.7 eq

e=0,X L
0 A0 0 eq(an,af) £
Lyo{e=0,X1}
eq(:zrg,:vl) — I3
e=0,X L
2 A5 0l eq(al, @) £
Lyo{e=0,X;}
—_—

eq(z1,72)
I 7é xIo
eq(v(z1),v(za)) =L v(false)
Tr1 = Ty
{—}
eq(v(z1), v(za)) — v(true)
2.8 if
1 de=0d, x) if (], 2, x3) Lok gy
. Lyo{e=0,X1}
if (21, 22,23) ————— 24

if (v(false), z1, 22) =, T2

if (v(true), x1, x2) = x

2.9 int_add
msos_int_add(x1, o, 23)

int_add(v(z1), v(z2)) -2 v(z3)

€=0,X : L
gy 20X, ) int_add(wa, x}) =2 23
. Loo{e=0,X
int_add(zs, z1) Laote=0.0], T3
e=0,X . L
gy 20X, ) int_add(z], ry) =2 3
. Loo{e=0,X
int_add(x1, z2) Laole=0X4), T3

2.10 int_mod

msos_int_-mod(x1, 2, x3)

int_mod(v(x1),v(z2)) =, v(z3)

{E:O,Xl} /

: L
T ) int_mod (o, 7)) =% 3

. Loo{e=0,X
int_mod(z2, x1) Laote=0X4},

{EZO,Xl} . L
) ——— ) int_mod ('}, 15) = x3

. Loo{e=0,X
int_-mod(x1,x2) M T3



2.11

2.12

2.13

2.14

2.15

2.16

int_mul

msos_int_mul(x1, z2, x3)

int_-mul(v(z1),v(z2)) =, v(z3)

{e=0,X1} . L
] ——— int_mul(z2, 7)) =% 23
. Lao{e=0,X1}
int-mul(zg,21) ————— w3
{e=0,X1} . L
r —— 1) int_mul(x], xe) —5* x3

_ Lyo{e=0,X1}
int-mul(zy, 29) —————— w3

int_sub

msos_int_sub(z1, T2, x3)

int_sub(v(zy), v(z2)) i, v(xs)
1 de=0.X00, T int_sub(xq, x}) Lo Z3

_ Lzo{e=0,X
int_sub(z2, z1) Laofe=0.Xu}, 3

{e=0,X1} . L
T ———— 1) int_sub(x), xe) —5* 13

) Loo{e=0,X
int_sub(z1, x2) u T3

lambda

) {env=x3,—}

lambda(zy, 22 v(abs(z1, x2,z3))

let

let(z1, 22, v(x3)) i) v(xs)

{env=x4,X1} ,

map_update(z, X2, v(x3), T4) x5 ————— xf, let(zo, v(zs), x5)

|et(1‘2, V(Ig), x5) Lyo{e=0,env=z1,X} 6

{e=0,X1} / ’ Lo
] ——= ) let(xq, 2], x3) =% 24

Lao{e=0,X1}
|et($2, Ty, 333) —_— 24

lookup

lookup(map_prefix(z1,v(z2), z3), 1) =, v(z2)

lookup(21,72) 2y v(ws)  a £ s

lookup(map_prefix(z4, v(zs5), 1), Z2) AJele=07), v(zs)

print

) {output’=z1,—}
_—

print(zy v(skip)



2.17

2.18

2.19

seq
. {—}
seq(v(skip), z1) 1= 2,
1 =04, ) seq(z}, z2) Loy 23
Loo{e=0,X1}
seq(w1, xp) ————— 3

throw

throw(a:l) {exc’=v(cons(z1,v(nil))),e’=1,—} S,(StUCk)
while

while(z1, z2) =, if (x1, seq(z2, while(z1, x2)), v(skip))



3 Striding Semantics

3.1 apply
To w)* v(abs(xs, x4, x5)) Tg w)* v(z7) map-update(zs, x3, v(z7), Z3) T4 M* v(zg)
{—}o{e=0,env=21,X; }o{e=0,X2}0{c=0,X3}
apply(za, 6) v(z9)
=0,X =0,X —z5,X
To —>{E 1} v(abs(zs, x4, 5)) T —>{s 2 v(z7) map_update(zs, x3,v(x7), 3) T4 —>{env ve. X1} T
L
apply(v(abs(zs, zg, z5)), v(x7)) ==* 210
Lyo{e=0,env=x1,X; }o{e=0,X3}o{e=0,X4}
apply(zz, 6)
{e=0,X3} {e=0,X1} ' i\ Loy
x] ———* v(x9) T3 ———— x4 apply(v(zza), xh) —* 4
apply(xl,xg) Lyo{e=0,X;}0{e=0,X3}
T1 m Ty apply(z7, x2) g* T3
Lyo{e=0,X1}
aPPIY(x1,$2) —
3.2 assign
T3 %* v(zy) map_update(z1, x5, v(xy4), 22)
assign(m5,x3) {store=x1 ,store’=z2,— }o{e=0,X1} V(Sklp)
=0,X
71 {e=0.0], ) assign(z2, 7)) 22" 15
. Lao{e=0,X;}
assign(za, 1) ——————— w3
3.3 atomic
. {—}
atomic(v(zy)) — v(z1)
7 22 ) atomic(z]) =2 v(as)
—lo{e=0,X
atomic(xy) Adele=0X, v(z2)
3.4 bound
bound(xl) {—}o{e=0,env=map_prefix(z1,v(z2),x3),—} V(IQ)
{e=0,—}
lookup(xs, z4) —— v(x5) T1 # T4
bound(x4) {—}o{e=0,—}o{e=0,env=map_prefix(z1,v(z2),x3),—} V(SC5)
3.5 catch
- {e=0,e"=0,exc’=v(nil), X1} V(iCQ)
Catch($17l‘3) {e=0,e’=0,exc’=v(nil),— }o{e=0,e’=0,exc’=v(nil), X1 } V(J?Q)

{e=0,e’=1,exc’=v(cons(z2,v(nil))), X1} . Lo
il wy  wp#v(nil)  apply(zs, v2) =" 14
Layo{e=0,e’=0,exc’=v(nil),X1}

catch(xy, x3)

{e=0,e’=0,exc’ =v(nil), X1} L
71 ) catch(z), x2) —>* x3

Layo{e=0,e’=0,exc’=v(nil),X1}

catch(xy, z2)



3.6 deref

deref(z2) fstore=e1, ) lookup(z1, x2)
3.7 eq
=0,X =0,X
1 u* v(z2) T3 u)* v(zy) Ty F# To
—Yo{e=0,X =0,Xx
eq(zs, 1) ot 0 jote0 ) v(false)
T 4“8:07)(2} * v(r) T3 —>{E:O’X1} *v(ryg) Ty = T2
—Yo{e=0,X =0,X.
eq(zs, 1) (T Jote0Mjolem0.Xa) v(true)
—0,X. =0,X
—>{E 2} v(z2) T3 —>{E N v(xyg) T # Ty
—}o{e=0,X; }o{e=0,X
eq(71,z3) (hote ote 2 v(false)
=0,X =0,X
1 u}* v(xa) T3 uf‘ v(xyg) To = T4
—Yo{e=0,X; }o{e=0,X
eq(r1,z3) S v(true)
=0,X =0,X
gy 0K ) {e=020), oy eq(al,x)) £ as
Loo{e=0,X1}o{e=0,X3}
eq(z2, 1) T3
{e=0,X3} , {e=0,X1} , ;N Loy
] ——=* ) Tg —— h eq(x), xh) —=* x3
Loo{e=0,X1}o{e=0,X3}
eq(z1,r2)
=0,X
x1 {e=0X4, x) eq(xs, 7)) Logs oy
Loo{e=0,X
eq(z2, 1) 2{5—1}>
=0,X
1 —>{E X1} T} eq(x), x2) Lo z3
Loo{e=0,X
eq(w1, ) L224=0X,
3.8 if

1 120X, v(false)

{—Jole=0.X1)
—_— X

if($1,$27$3)

1 1e=0.X) v(true)

{—1}o{e=0,X1}
—_— X2

if(x1, 2, x3)
{EZO,Xl} . L
e D if (2], 22, w3) =5 a4

) Lyo{e=0,X1}
if(x1, 2, x3) —————— x4

3.9 int_add

X 1e=0.Xa}, v(x2) x3 1e=0X,. v(zy) msos_int_add(z4, T2, x5)

{—}o{e=0,X1}o{e=0,X>2}

int_add(x3, x1) v(zs)
T 1e=0.Xa} v(x2) X3 1e=0X . v(zy) msos_int_add(z2, 24, T5)
int_add(x1, x3) {—ole=0X1}o{e=0.Xs} v(xs)

10



{e=0,X3} , {e=0,X1} L2 4

] ——=* ) g — > ah int_add(xh, ) —=* a3
. o{e=0,X7}o{e=0,X
int_add(x2, x1) Laot 1ot s} T3
{e=0,X3} {e=0,X1} . L
xp 2 gt Ty — 2, int_add (2}, xh) =* x3

Lo{e=0,X1}0{e=0,X3}

int_add(x1, x2)

e=0,X . L
71 1e=000, T int_add(zg, }) =% 23

Loo{e=0,X1}
—_— > X

int,add(xg, Il)
—0,X . L
gy 20X, ) int_add(z, ry) = 3

. Lao{e=0,X
int_add(z1, x2) Laote=0.0], T3

3.10 int_mod

—0.X =0,X .
1 m)* v(z2) T3 m>* v(zy) msos_int_mod (x4, X2, T5)
. —Yo{e=0,X =0,X
int_mod(xs, 1) {TJole=0.X1}o{e=0X} v(xs)
120X, v(xa) x3 120X, v(zyg) msos_int-mod(x2, x4, T5)

{—}o{e=0,X1}o{e=0,X>}
v(ws)

int_-mod(x1,x3)

13 OXg g OXl . L
gy 20X ) g 120X o ) int_mod(xh, x]) —==* 13
. Lyo{e=0,X;}o{e=0,X3
int_-mod(z2, 1) { yot ! T3
{EZO,X;;} {EZO,Xl} . L
r] ————=* 1) Tg ——— @) int_mod (2}, 75) =" z3

Lyo{e=0,X1}o{e=0,X5}

int_-mod(x1,x2)

{e=0,X1} . L
T ——— 1} int_mod(za, 7)) —5* 3

Loo{e=0,X1}
— I3

int_mod(x2,x1)
e=0,X . L
gy 20X ) int_mod (], r3) —=* 3

. Loo{e=0,X
int_mod(z1, x2) Laote=0.20), z3

3.11 int_mul

e=0,X e=0,X .
1 M* v(z2) T3 g)* v(zy) msos_int_mul(z4, 22, 5)
. {—1}o{e=0,X1}0{e=0,X>}
int_mul(zs, 1) v(zs)
e=0,X. e=0,X .
120X, v(xa) x3 120X, v(xyg) msos_int-mul(xa, x4, x5)
. —}o{e=0,X;}o{e=0,X>}
int_mul(xy,x3) i 1o v(zs)
e=0,X. e=0,X . L
gy 205 ) g 120X o ) int_mul(z4, z}) =2* x3
. Lao{e=0,X1}o{e=0,X35}
int-mul(za, 1) T3
{EZO,X;;} {EZO,Xl} . L
r] ————=* 1) Ty ——— @) int_mul(z], 25) =% 23

Lyo{e=0,X1}o{e=0,X5}

int-mul(z1, 22)
{E=0,X1} . L
T ———— 1} int_mul(xq,x]) —5* x3

. Lyo{e=0,X1}
int_mul(zg,21) ———— x3

11



{e=0,X1} / H / Lo
] —— ) int_mul (2}, xo) —* a3

, Lyo{e=0,X1}
int_mul(zq, 29) ————— a3

3.12 int_sub

e=0,X e=0,X i
) {==0.%010 . v(s) T3 {e=0X} . v(zy) msos_int_sub(x4, T2, 75)
. —}o{e=0,X; }o{e=0,X
int_sub(z3, 1) =)ot et s v(zs)
e=0,X e=0,X i
o e )y TP y(ay) msosiint sub(as, 4, 5)
] —}o{e=0,X; }o{e=0,X
int_sub(z1, x3) (ot 1ol 2} v(zs)
e=0,X: e=0,X 1 L
o e g gy B0 intsub(ah, ah) 25
: Lao{e=0,X;}o{e=0,X.
int_sub(xa, z1) — d et 3} x3
e=0,X. e=0,X H L
g AR e gty S0 intsub(ag, ) 2

Lao{e=0,X1}o{e=0,X3}

int_sub(z1, z2)

€=0,X1 . L
1 =050, ! T int_sub(wg, ¥]) —5* 13
i Loo{e=0,X1}
int_sub(zg, z1) ———— 3
e=0,X . L
gy 220X, ) int_sub(x}, x9) —3* 13

. Loo{e=0,X
int_sub(xy, zs) u 23

3.13 lambda

lambda(xy, z2) denv=as ), v(abs(z1, 72, 23))

3.14 let

v(z3) map_update(z1, x4, v(x3), T5) T M)* v(z7)

{—}o{e=0,env=z1,X;}o{e=0,X2}
v(z7)

{EZO7X2} *

Iet(x4, T, 1’6)

To 1e=0.Xa) v(z3) map_update(z1, x4, v(23), Ts5) Tg fenv=rs Xa), xg let(xq, v(x3), z§) Loy oy

Loo{e=0,env=z1,X; }o{e=0,X3}
Iet(x4,x2,x6) X7

{e=0,X1} / ’ Lo
] ——= ) let(xq, 2], x3) —* 24

Lpo{e=0,X1}
—_— X

|et(l’2,171,1?3) 4

3.15 lookup

lookup(map_prefix(z1, v(z2), x3), 1) =, v(x2)

lookup(a1,2) T v(ws)  wa#

lookup(map_prefix(x4, v(zs5), 1), 22) A Jele=07), v(z3)

3.16 print

print(z1) toutput=e1,—}, v(skip)

12



3.17

3.18

3.19

seq

z1 1e=0X0),. v(skip)

{v}O{&ZO,Xl}
) ——————

seq(z1, T2
{e=0,X1} L
T ——— 1} seq(zh, m2) =% 3

Lao{e=0,X1}
SGQ($1,$2) ——— 3

throw

{exc’=v(cons(z1,v(nil))),e’=1,—}

s_(stuck)

throw(z1)

while
T 4>{€:0’X1} * v(false)

{—}o{e=0,X;}o{e=0,—} v(skip)

while(z1, z2)

1 1e=0.X) v(true)

) {—1}o{e=0,X1}o{e=0,—}

while(z1, z2 seq(z2, while(z1, x2))

T 1e=0.X0, T} if (7, seq(za, while(z1, 2)), v(skip)) Logs oy

. Lyo{e=0,X;}o{e=0,—}
while(z1, z2) x3
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