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@ Existing approaches to debugging
@ A Ul mock-up for \interactive programming"
© Execution as a persistent, reactive data structure
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1. Programming as an interactive dialogue
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Why?
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Why? What if?
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Why? What if?
Current computation  Other computations
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Why? questions
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Why? questions

let Tec
equal (x : Nat List) (v : Mat List) : Bool =
match x with
| Wil —>
match y with
| Wil -> False
| Cona (a, b) -> Falae
| Cons {x"', ¥') ->
match y with
| Wil -> False
| Comns {a; b} -
match egqual_nat ®x' & with
| Truae -> equal ¥' b
| False -> False

equal mat (x : Nat) (y : Mat) : Bool =
match x with
| Zero —»
match y with
| Zero -» True
| ‘5ucc & -» False
| ‘Suce x' =¥
match y with
| Zero -» True
| Suce & -> 2qual nat x" a
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Why? questions

let Tec
equal (x : Nat List) (v : Mat List) Bool
match x with
| Wil —>
macch y with
| Wil -> False
| Cona (a, b) -» Faise

| Cons {x"', ¥') ->

mactch y with

| Wil -> False

| Comns {a; b} -
match egqual_nat ®x' & with

Truae -> egual ¥' b

| False -»> False
and
F# Interactive

equal nat (x

: Nat) (y : HMat) : Bool =
_=eE - o match x with
val it : Bool = False J | iE=rgiaps
=

match y with

| Zero -» True

| ‘5ucc & -» False
| ‘Suce x' >

match y with
| ‘Zero -> True

| Suce & -> =qual _nat x' a
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Why? questions

let Tec
equal (x : Nat List) (v :

match x with

| Wil —>
macch y with
| Wil -> False
| Cona (a, b)

| Cons {x"', ¥') ->

-» Falige

mactch y with

| Wil -> False

| Comns {a; b} -
match egqual_nat ®x' & with

Truae -> egual ¥' b

False -> False

and
F# Interactive aequal nat (x : Nat)
- match x with

(y = Hat) = Bool =
val it @ Bool

| Zero —»
> egaal (Coms(Zers,Willl

{Cons(Zere,Nill);; match y with
val it : Bosol = False | Zero -» True
> x | ‘'Sacc & -» False
| ‘Suce x' >
match y with
| ‘Zero -> True

| Suce & -> =qual _nat x' a
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Why? questions

let Tec
equal (x : Nat List) (v : Mat List) : Bool =
match x with
| Wil —>
macch y with
| Wil -> False
| Cona (a, b) -» Faise
| Cons {x"', ¥') ->
mactch y with
| -» False
| Comns {a; b} -
match egqual_nat ®x' & with
Truae -> egual ¥' b
| False -»> False
and
F# Interactive equal mat (x : Nat) (y : Mat) : Bool =
> cpen Scenaric;; match x with

> equal Nil (Cons(Zers, Nil
val it @ Bool
> equal (Cons match y with

val it : Beal | Zero -» True

> equal_nat Zero Zero;; | ‘Sacc-a —» False
val it : Bool = True | Suec ®' -
>

match y with
| ‘Zero -> True

| Zero —»

(Cons(Zere,Kil

| Suce & -> =qual _nat x' a
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Why? questions

let Tec
equal (x : Nat List) (v : Mat List) : Bool =
match x with
| Wil —>
macch y with
| Wil -> False
| Cona (a, b) -» Faise
| Cons {x"', ¥') ->
mactch y with
| -» False
| Comns {a; b} -
match egqual_nat ®x' & with
Truae -> egual ¥' b
| False -»> False
and
F# Interactive equal mat (x : Nat) (y : Mat) : Bool =

> open Scenazic;;

> equal Nil (Cons(Zers, Nil
wal it : Bool
> eguzl (Cons match y with

val it : Beosol | Zero -> True

> equal_nat Zero Zero;; | ‘Sacc-a —» False
wal it : Bool | Suscc ®' -3

> equal Wil Nil; o
val it : Boal = Fzlse match y with
> | | ‘Zero -> True

| Suce & -> =qual _nat x' a

match x with
| Zero —»
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Why? questions

let Tec
equal (x : Nat List) (v : Mat List) : Bool =

match x with

| Wil —>
macch y with
| -» False
| Cona (a, b) -» Faise

| Cons {x"', ¥') ->

mactch y with
| Wil -> False
| Comns {a; b} -
match egqual_nat ®x' & with
Truae -> egual ¥' b
| False -»> False

and
F# Interactive equal mat (x : Nat) (y : Mat) : Bool =
- match x with
| Zero —»

wal it : Bool
> equal (Cons(Zers,Nil)] (Coms|Zerc,Nilll;;
val it : Bool = False

match y with
| Zero -» True
> equal_nat Zero Zero;; | ‘Sacc-a —» False
val it : Boal | Suec ®' -
> egual Hil Nil e
val it : Bool = False WALEh yyath
| ‘Zero -> True

> |
| Suce & -> =qual _nat x' a

\Algorithmic debugging"”
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Why? questions

@

PERSONNEL ONLY

{x—=Ty—7hyl? ?|F

} ¥ b

fxm Ty 7L x 8T (xe 7,y e ) casey of {

7}, case x of {...} |} False

cqual(ff[0 == [} ) False
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Why? questions

{xe—=[ly—=0=z[}y 0]

= 0y—0:(hxd]
P+ [y — 0 [}, case x of {...} 1;5_;5/

<. fqual([], 0 :: []) | False

{x—=Ty—7hyl? ?|F

{7,y ?},casey of {..} J'F.

fx= Ty Thx T
{x— 2,y — 7},case x of {.} | False

Jequal(f;0 = [}) | False

First-order interactive p;(;gramming
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Why? questions

" Interpreter

dynamic behaviour

obsernvations
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Why? questions

Interpreter

dynamic behaviour

obsernvations

record

Static execution trace

Offline
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Why? questions

Interpreter

dynamic behaviour

obsernvations

record

Static execution trace

i Source-lgvel visualisation

dynamic behaviour

Offline

Online
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Why? questions

Call Stack.

Mame:
) Salution. exeScenario. squal_nat(x = {Zero}, ¥ = {Zero})

Selution. exe15cenario. equall = {Cons (Zero, i}, y = {Cons (Zero,HifY)

Salution. exe!Scenario. main{_arg36 = {etring[0]})

Roly Perera (University of Birmingham)

First-order interactive programming

let rec
equal (x : Liss) (y : List) : Bool =
match x with
| Wil -»
match ¥ with
> False
s {a, b} -> False

| Cons (x', ¥") —>
with

| cona (a, B} ->
match equal nat x' & with
True -> equal y' b
False -> False

and
2qual_nat (x : Nat) (v : Nat) : Seol
match x with
| Zero —>
macon g wien  [lNlame | vaie

{Cons (zero,Nil}

| Zero -» True
{Cons (Zero,Nil}

| Sunn A -> Falase

19 January, 2010
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Why? questions

let Tec
equal (x : Nat List) (v : Mat List) : Bool =
match x with
| Wil —>
macch y with
| Wil -> False
| Cona (a, b) -» Faise
| Cons {x"', ¥') ->
mactch y with
| -» False
| Comns {a; b} -
match egqual_nat ®x' & with
Truae -> egual ¥' b
| False -»> False
and
F# Interactive equal mat (x : Nat) (y : Mat) : Bool =

> open Scenazic;;

> equal Nil (Cons(Zers, Nil
wal it : Bool
> eguzl (Cons match y with
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> equal_nat Zero Zero;; | ‘Sacc-a —» False
wal it : Bool | Suscc ®' -3

> equal Wil Nil; o
val it : Boal = Fzlse match y with
> | | ‘Zero -> True

| Suce & -> =qual _nat x' a

match x with
| Zero —»
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Why What if? questions

let Tec
equal (x : Nat List) (v : Mat List) : Bool =
match x with
| Wil —>
macch y with
| Wil -> False
| Cona (a, b) -» Faise
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Why What if? questions

let rec
equal (®x : Nat List) (v : Mat List) : Bool =
match % with
| Wil -»
match y with
|
| Cons (a, b} ->» False
| Cons (x', ¥v') ->»
match y with
| Hil -> False
| Cons {a, b} ->
match egual_nat x' a with
True -> egual ¥v' b
Falze -> False

and
equal _nat (x : Nat) (y
match % with
| Zerc -»
match y with
| Zeroc -» True

F# Interactive : Nat) : Bocl =

wal it : Bool
> equal (ConsiZerc, Nil)} (Cons(Zerc, Nil));;
val it : Bool = False

> equal_nat Zero Zero;; | Succ & -» False
val it : Boal | Suze x' ->

> egual Hil Nil .
val it : Bool = Fzlse match y with
| Zero -»> True

> |
| Suce & -> equal_nat x' a
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Why What if? questions

let rec
equal (®x : Nat List) (v : Mat List) : Bool =
match % with
| Wil -»
match y with
|
| Cons (a, b} ->» False
| Cons (x', ¥v') ->»
match y with
| Hil -> False
| Cons {a, b} ->
match egual_nat x' a with
True -> egual ¥v' b
Falze -> False

and

F# Interactive equal_nat {® @ Mat) |y
- match % with
| Zeroc -»

match y with

| Zeroc -» True

| Succ & -> False
| Succ ' -»

match y with

| Zero -»> True

| Suce & -> equal_nat x' a

Nat) : Boecl =

wal it : Bool
> equal (Consi(
val it : Bool
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Why What if? questions

let rec
equal (®x : Nat List) (v : Mat List) : Bool =
match % with
| Wil -»
match y with
|
| Cons {a, b} -> False
| Cons (x', ¥v') ->»
match y with
| Hil -> False
| Cons (a, b} -»
match egual_nat x' a with
True -> egual ¥v' b
Falze -> False

and

F# Interactive equal_nat {® @ Mat) |y
- match % with
| Zeroc -»

match y with

| Zero -* True

| Succ & -> False
| Succ ' -»

match y with

| Zero -»> True

| Suce & -> equal_nat x' a

Nat) : Boecl =

wal it : Bool
> equal (Consi(
val it : Bool

How is the intensional view a ected by the edit?
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2. Interleaving whys and what ifs
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State 1

equal (Ni1,Cons(Zero,Ni1)) .. [False
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State 1

equal (Nil,Cans(Zera,Ni1)) .. [False
A\ . g

hd

Treat execution as a data
structure. Observe
computed values by
inspection.
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State 1

equal (Ni1,Cans(Zera,Nil)) .. [False
A\ . g

hd

Treat execution as a data
structure. Observe
computed values by
inspection.
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State 1

equal (Ni1,Cans(Zera, NiT]) . [False

|
The ellipsis indicates
the computation has a
tail.
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State 1

equal

[False
x: Wi
rCons(Zero, N1l q
Lase :E of ’ Expanding the
Wil -» ellipsis shows the
case [y of X
NiT > tail.

Cons(x' ') -

Cons(a Zer‘o b: (N1} -= False
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State 1

equal [False
Hil
Cons{Zero,Ni13

=X

Cons{a: Zera,b: Hil1) -» False
Cons(x' ') —»

Terminal computation
which determines the value
of the outermost
computation.
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State 1

equal
Al
¥ Cons(Zero,Nil)

False

Cons{a:gZero,b: Mi1) -» False
Cons{x' 1,y 7%) -

Dead branches
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State 1

equal [False

Cans{a: Zero b Nil) - False
Cons(x': 0

But what if this
argument were also a
Cons?
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State 2

equal
s Cons(Zera,N11)
¥: Cons(Zera,h11)

[False

x

case equal_nat{Zero,Zero) .. True of
True -» .
False -5

Unlike a tracing
debugger, we can test
hypotheses online.
Like a spreadsheet.
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State 2

equal [False

: [ Cons{Zero,Hil)
rCons{Zera,N11)

[ 4

Cons(x': Zero,y': (N11) -»
i

Cons{a: Zero,b: M11) -»
case equal_nat{Zero,Zera) .. True of
True -» ..
False -» &

Case analysis on x now
picks a different
branch.
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State 2

equal
D Cons(Zero, N1}
¥ ConsiZera,Nil)

[False

x

Cons{x': Zero,y ' [N11) -»
case ¥ of
Hil - -
Cons{a: Zera,b: W11} -»
case equalnat(Zero,Zera) .. True of
True -5 3
False -» -

Case analysis on x now .
picks a different Call to equal_nat is
bomen immediately visible.
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State 2

equal [False

:(Cons{Zera, il
: Cons(Zera, N1

case x of

([ -4

Cons{x<': Zera,y ' (N11) -»
i

3 Expanding the
Cons(a: (Zero,b: Mi11) -» inci
case equal_nat{Zero,Zera) .. True of elIIPSIS shows a

True -» recursive call.
equal

[ 4
=
=

case |y of
Hil -: False
Cons{a:,h:3 -2
Cons{x't,y' ) -5
False -» |
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State 2

equal False
=i Cons(Zero, Hil
¥ Cons(Zero, M1
= case x of
Nil -» -
Cons(x': Zsm,y': Nil) -»
T Expanding the
Cons(a: (Zero,b: Mi11) -» inci
case equal_nat{Zero,Zera) .. True of EHIpSIS. shows a
True -» - recursive call.
equal
TR
oMl
= case x of
HNil -=
case |y of
Wil -» False A q
Cons(a:,bh -5 The computation is
False oo msleiBy T XL still False, but for a

different reason.
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State 2

equal False
= Cons(Zero, Nil
¥ ConsiZero, N1
= case [x of
Hil -3 -
Cons{x': Zero,y': (Ni11) -»
case |y of
Hil -=

Cons{a: Zera,b: H11) -»
case equal_nat{Zero,Zera) .. True of
True -2

False -» -

So what if this
were True instead
of False?
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State 3

equal True }

: CDI"IS%ZEI"D,N'”;
t Cons(Zero, N1

Cons{=': Zero,y': H11) -»

[ 4

Consfa: Zero,b: NiT) -» )
case equal_nat(Zero,Zera) .. True of

True -»
equal
ESRER
yi HiT
= case x of
Wil -=
case y of
Wil -» True
Consfa:,b:) -5 -
Cans(x<' i,y ') -x J
False -» &

State of the view is
preserved by the
edit.
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State 3

equal . True

Cons{a: Zeroyh: H11) -»
case equal_nat{Zero,Zero) .. True of

True -»
equal
x: W]
w1 NiT
= case x| of
Hil -»
case ¥ of
NiT -z True Now, suppose the
Consfa:,b:) -5
Conste i 1) -5 glements c_>f the
False -> [3 lists were different.
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State 4

equal
i Cons%Succ;Zem),Nﬂ)
¥ [Cons(Zero, N1
= case X o
il =2
Cons{x' @ (Succ(Zerol,y': Mil) -»
case y of
Hil -3 -
Cons{a: Zero,b: NiTD -»
case equal_nat(Succ({Zero),Zero)
Trug -=
equal
ESRUER
yi NiT
= case x of
Mil -=

False

Roly Perera (University of Birmingham)

Hil -3 True
Cons{a:,b:) -2
Cons{='z,y" ) -2
-3

True

.. True of

Something is
wrong.

First-order interactive programming
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State 4

equal True

: [Cons{Succ{Zerol,Ni1)
r Cons(Zero, M1

case = of

[ 4

Consx' @ (Succ(Zero),y': H11) -»
case |y of
Hil -» -
Cons(a: (Zero,b: Ni1) -= )
case ‘equal_nat True of
1 [SucciZera)
: [ Zera

[l 4

Succ(x': Zera) -»
case y| of
Zero -= True
Succ(a:) -»

True 2 Expanding reveals
B the problem.
vy HiT
= case x of
Hil - =
case |y of

NiT -» True
Cons{a:,h:) -»
Consfx'z,y" 1) -3 &

False -3
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State 4

equal
rCons{Succ{Zera),Nil)
r [ConsiZero,Nil)

True

[l 4

Cons{x' @ [Succ{Zerol,y 't (N11) -»

Cons{a: Zera,b: Wi1) -» .
case [equal_nat True of
: Succ(Zera)

[
I
m
=
Q

case |y of
Zero -» True
Succ(a:) -»
True -» ..
False -» |-

Recursive call
irrelevant, so
collapse.

Roly Perera (University of Birmingham)
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State 4

equal ) True
: [Cons{Succ(Zerol),N11)
: [ConsiZero,Mil)

[ 4

Cons(x': (Succ{Zerol),y ' : H11) -»

Cons(a: [ Zero,b: N11) -»
case egual_nat

[True of
: [Succ(Zera)

[ 4
™~
o
5
(u]

Zero -»
Succ{x': Zera) -»
case |y of
Zero -» True
succifa:) -» -

True -» .
False -» o

Now to fix the bug.

Roly Perera (University of Birmingham)
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State 5

equal

[False
s Cons({Succi{Zero),Ni11)
: [Cons(Zera, N1

case » of

[ 4

Consx' @ (Succ(Zerol),y': M11) -»
case |y of
HiTl -» -
Cons(a: Zero,b: N11) -= )
case ‘equal_nat False of
1 succ(Zera)
¥l Zero
= case x of

succx': Zera) -:
case |y of
Zero -» False

Trug -2
False -» .

Call to
equal_nat is
now correct.

Roly Perera (University of Birmingham)
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State 5

equal [ False
s Cons({Succi{Zero),Ni11)
: [Cons(Zera, N1

Consx' @ (Succ(Zerol),y': M11) -»
T

[ 4

Cons(a: Zero,b: N11) -= )
case ‘equal_nat False of

: succ(Zero)

: [Zera

case x of

As is overall
result.

[ 4

succx': Zera) -:
case |y of
Zero -» False

Trug -2
False -» .

Call to
equal_nat is
now correct.
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State 5

equal False
s Cons(Succ{Zero),H11)
s [Cons(Zera, N1
case % of
Hil -x -
Consix': Sgcc(Zer‘D),)": Nil) -=»

[ 4

Cons(a: Zero,b: Ni1) -= )

case ‘equal_nat False of
: Succ(Zero)
: [Zero

As is overall
result.

[ 4

Call to
equal_nat is
now correct.

But let's sanity-
check. This branch
now responsible.
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State 5

equal

False
w: Cons(Succ{Zerol,Ni1)
¥ Cons(Zero, M1
= case | of
Hil - -
Cons{x': (Succ{Zero),y': H11) -2
case y| of
Hil - -
Cons(a: Zero,b: Ni1) -= )
case ‘egual_nat False of
%t Succ(Zero)
¥iZero
= case x of
Zero -o
succ(x': Zero) -»
case v of

Zero -» False
succa:) -»
True -» -
False -» False

Makes sense.

Roly Perera (University of Birmingham)
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3. Execution as a persistent, reactive data structure
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Reil ed evaluation

Goal:
Represent persistent
proof trees, with
explicit sharing.

Navigate by editing.
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Reil ed evaluation

p.x ) p(x) Goal:

P, M i) Vv Represent persistent
— proof trees, with
p,c(M) | c(V) explicit sharing.

Navigate by editing.

p, MU c(V) (pxe—V),N. |V’

p.case M of {c(X) => Nleeo IV’

MUV (x=V),NyV

p £V LV’
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Reil ed evaluation

p.x ) p(x) Goal:
p‘ U 17 Represent persistent

proof trees, with

ol (i) 4 < (V) explicit sharing.

Navigate by editing.

P (V) (pxe = V)[NJLV/
p, case of {c(%x) -> cec V!

Use a store to hold:

constants occurring
in terms

oMUV (xeV) Ny

0 f() v’
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Reil ed evaluation

7d ,U Goal:
p‘ﬁ U Represent persistent
proof trees, with

3 c(M) l} explicit sharing.
Navigate by editing.

p. M VY (pxe— V), Ne L]

p,case M of {c(xﬁ’) -> Neleeo .U,

Use a store to hold:

constants occurring
in terms
" I\_f I £ m) Ny computed values

p, £ Y[V
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Reil ed evaluation

p.x ) p(x) Goal:

P, M i) Vv Represent persistent
S N S — proof trees, with
p,c(M) | c(V) explicit sharing.

Navigate by editing.

M | c(V %o V), Ne L V!
p M eV (pxe —{V]), Ne | Use a store to hold:
p.case M of {c(X) => Nleeo IV’

constants occurring

in terms
p M U v (.. NyV! computed values
p. £ (J?I) Jv! values bound to

variables
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Term

define
equal(x,y) = case x of
Nil -> case y of
Nil -> False

Cons(a,b) -> False
Cons(x'y") -> case y of
Nil -> False
Cons(a,b) -> case equal_nat(x',a) of
True -> equal(y',b)
False -> False
equal_nat(x,y) = case x of
Zero -> case y of
Zero -> True
Succ(a) -> False
Succ(x') -> case y of
Zero -> True
Succ(a) -> equal_nat(x',a)
in
equal(Nil,Cons(Zero,Nil))
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Term

define
equal(x,y) = case x of
Nil -> case y of
Nil -> False

Cons(a,b) -> False
Cons(x'y) -> case y of
Nil -> False

Cons(a,b) -> case equal_nat(x',a) of

True -> equal(y',b)
False -> False
equal_nat(x,y) = case x of
Zero -> case y of
Zero -> True
Succ(a) -> False
Succ(x') -> case y of
Zero -> True

Succ(a) -> equal_nat(x',a)

in
equal(Nil,Cons(Zero,Nil))

v0:False
vl:False
v2:False
v3:False
v4:True

Roly Perera (University of Birmingham)

Interactive termM

define
equal(x,y) = case x of
Nil -> case y of
Nil -> val v3
Cons(a,b) -> val v2
Cons(x'y) -> case y of
Nil -> wval v1
Cons(a,b) -> case equal_nat(x',a)
True -> equal(y',b)
False -> val vO
equal_nat(x,y) = case x of
Zero -> case y of
Zero -> val v6
Succ(a) -> val v5
Succ(x’) -> case y of
Zero -> val v4
Succ(a) -> equal_nat(x',a)
in
equal( val v7,val v10)

Value store g

v5:False v10:Cons(v8:Zero,v9:Nil)
Vv6:True

V7:Nil
v8:Zero
vO:Nil
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TermM/ ¢

define
equal(x,y) = case x of
Nil -> case y of
Nil -> False

Cons(a,b) -> False
Cons(x'y) -> case y of
Nil -> False

Cons(a,b) -> case equal_nat(x',a) of

True -> equal(y',b)
False -> False
equal_nat(x,y) = case x of
Zero -> case y of
Zero -> True
Succ(a) -> False
Succ(x') -> case y of
Zero -> True

Succ(a) -> equal_nat(x',a)

in
equal(Nil,Cons(Zero,Nil))

v0:False
vl:False
v2:False
v3:False
v4:True

Roly Perera (University of Birmingham)

Interactive termM

define
equal(x,y) = case x of
Nil -> case y of
Nil -> val v3
Cons(a,b) -> val v2
Cons(x'y) -> case y of
Nil -> wval v1
Cons(a,b) -> case equal_nat(x',a)
True -> equal(y',b)
False -> val vO
equal_nat(x,y) = case x of
Zero -> case y of
Zero -> val v6
Succ(a) -> val v5
Succ(x’) -> case y of
Zero -> val v4
Succ(a) -> equal_nat(x',a)
in
equal( val v7,val v10)

Value store g

v5:False v10:Cons(v8:Zero,v9:Nil)
Vv6:True

V7:Nil
v8:Zero
vO:Nil
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TermM/ Interactive termM

define define
equal(x,y) = case x of equal(x,y) = case x of
Nil -> case y of Nil -> case y of
Nil -> False Nil -> val v3
Cons(a,b) -> False Cons(a,b) -> val v2
Cons(x'y") -> case y of Cons(x'y) -> case y of
Nil -> False Nil -> val vl
Cons(a,b) -> case equal_nat(x',a) of Cons(a,b) -> case equal_nat(x',a)
True -> equal(y',b) True -> equal(y',b)
False -> False False -> val vO
equal_nat(x,y) = case x of equal_nat(x,y) = case x of
Zero -> case y of Zero -> case y of
Zero -> True Zero -> val v6
Succ(a) -> False Succ(a) -> val v5
Succ(x') -> case y of Succ(x’) -> case y of
Zero -> True Zero -> val v4
Succ(a) -> equal_nat(x',a) Succ(a) -> equal_nat(x',a)
in in

equal( Cons(Zero,Nil) ,Cons(Zero,Nil)) equal( val v7,val v10)

Value store 1

v0:False

v5:False v10:Cons(v8:Zero,v9:Nil)
vl:False Vv6:True v13:Zero
v2:False v7: Cons(v13:Zero,v14:Nil)  v14:Nil
v3:False v8:Zero
v4:True vO:Nil

Roly Perera (University of Birmingham)
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TermM/ Interactive termM

define define
equal(x,y) = case x of equal(x,y) = case x of
Nil -> case y of Nil -> case y of
Nil ->  True Nil -> val v3
Cons(a,b) -> False Cons(a,b) -> val v2
Cons(x'y") -> case y of Cons(x'y) -> case y of
Nil -> False Nil -> val vl
Cons(a,b) -> case equal_nat(x',a) of Cons(a,b) -> case equal_nat(x',a)
True -> equal(y',b) True -> equal(y',b)
False -> False False -> val vO
equal_nat(x,y) = case x of equal_nat(x,y) = case x of
Zero -> case y of Zero -> case y of
Zero -> True Zero -> val v6
Succ(a) -> False Succ(a) -> val v5
Succ(x') -> case y of Succ(x’) -> case y of
Zero -> True Zero -> val v4
Succ(a) -> equal_nat(x',a) Succ(a) -> equal_nat(x',a)
in

in
equal( Cons(Zero,Nil) ,Cons(Zero,Nil)) equal( val v7,val v10)

Value store »

v0:False

v5:False v10:Cons(v8:Zero,v9:Nil)
vl:False Vv6:True v13:Zero
v2:False v7: Cons(v13:Zero,v14:Nil)  v14:Nil
v3: True v8:Zero
v4:True vO:Nil

Roly Perera (University of Birmingham)
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TermM/ 3

Interactive termM

define define
equal(x,y) = case x of equal(x,y) = case x of

Nil -> case y of Nil -> case y of
Nil ->  True Nil -> val v3
Cons(a,b) -> False Cons(a,b) -> val v2

Cons(x'y") -> case y of Cons(x'y) -> case y of
Nil -> False Nil -> val vl
Cons(a,b) -> case equal_nat(x',a) of

True -> equal(y',b)
False -> False
equal_nat(x,y) = case x of
Zero -> case y of
Zero -> True
Succ(a) -> False
Succ(x') -> case y of
Zero -> True

in

equal( Cons(Succ(Zero),Nil) ,Cons(Zero,Nil))

v0:False
vl:False
v2:False
v3: True
v4:True

Roly Perera (University of Birmingham)

Succ(a) -> equal_nat(x',a)

Cons(a,b) -> case equal_nat(x',a)
True -> equal(y',b)
False -> val vO
equal_nat(x,y) = case x of
Zero -> case y of
Zero -> val v6
Succ(a) -> val v5
Succ(x’) -> case y of
Zero -> val v4
Succ(a) -> equal_nat(x',a)
in
equal( val v7,val v10)

Value store 3

v5:False v10:Cons(v8:Zero,v9:Nil)
Vv6:True v13:Succ(v21:Zero)
v7: Cons(v13:Zero,v14:Nil)  v14:Nil

v8:Zero v21:Zero

vO:Nil

First-order interactive programming

19 January, 2010
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TermM/ 4

define
equal(x,y) = case x of
Nil -> case y of
Nil ->  True

Cons(a,b) -> False
Cons(x'y) -> case y of
Nil -> False

Cons(a,b) -> case equal_nat(x',a) of

True -> equal(y',b)
False -> False
equal_nat(x,y) = case x of
Zero -> case y of
Zero -> True
Succ(a) -> False
Succ(x') -> case y of
Zero -> False

in

equal( Cons(Succ(Zero),Nil) ,Cons(Zero,Nil))

v0:False
vl:False
v2:False
v3: True

v4: False

Roly Perera (University of Birmingham)

Succ(a) -> equal_nat(x',a)

Interactive termM

define
equal(x,y) = case x of
Nil -> case y of
Nil -> val v3
Cons(a,b) -> val v2
Cons(x'y’) -> case y of
Nil -> wval v1
Cons(a,b) -> case equal_nat(x',a)
True -> equal(y',b)
False -> val vO
equal_nat(x,y) = case x of
Zero -> case y of
Zero -> val v6
Succ(a) -> val v5
Succ(x’) -> case y of
Zero -> val v4
Succ(a) -> equal_nat(x',a)
in
equal( val v7,val v10)

Value store 4

v5:False v10:Cons(v8:Zero,v9:Nil)
Vv6:True v13:Succ(v21:Zero)
v7: Cons(v13:Zero,v14:Nil)  v14:Nil

v8:Zero v21:Zero

VO:Nil

First-order interactive programming
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Rei cation & synchronisation

p.x 4 p(x)

[
p, MYV
2, c(M) [k C(V)

— —_— /
oMU c(V) (pxe—=V),N, LV
p.case M of {c(X) -> Ne}eec I V'

=2 — —_— ’
pMUV (x> V)NV

p £V LV’
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Rei cation & synchronisation

¢

px 4 p(x)

p‘]\_)f ix v
p,c(M) | c(V)

= — o
B MUe(V) (pxe—V),N, |V
p.case M of {c(X) -> Ne}eec I V'

p MUV (,x— V)NV

p £V LV \

Roly Perera (University of Birmingham) First-order interactive programming 19 January, 2010 40/ 79



Rei cation & synchronisation

Builds (fresh) evaluation
traces, which are initially
stable.

/

p:x A p(x)

p,c(M) | c(V)
reify

= —_—
p M c(V) (pxe— V), NV <
p.case M of {c(X) -> Ne}eec 4 V'

p MUV (x> V)NV

p £ M) LV \
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Rei cation & synchronisation

traces, which are initially

r Builds (fresh) evaluation
stable.

px b p(x)

o, M ik 1%
p,c(M) | <(V)
reify

p MU e(V) (pxe= V)N, 4 V' <
p,case M of {C(?c) -> Neleee | v’

sync

p MUV (x—=V), NV A\
f(ﬁ) 1 v & Stabilises (existing)
p, £Q2 1

evaluation traces which
have been made unstable
by a store modification.
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Rei cation & synchronisation

traces, which are initially

r Builds (fresh) evaluation
stable.

px b p(x)

o, M ik 1%
p,c(M) | <(V)
reify

p MU e(V) (pxe= V)N, 4 V' <
p,case M of {C(?c) -> Neleee | v’

sync

p MUV (x—=V), NV A\
f(ﬁ) 1 v & Stabilises (existing)
p, £Q2 1

evaluation traces which
have been made unstable
by a store modification.
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State 1

equal = vi2:False
+- val v7 = v7:Nil
+- val v10 = v10:Cons(v8:Zero,v9:Nil)
+=- [x: v7, y: vi0] case_List = vi2:False
+- x = v7:Nil
+- [] case_List = v1l:False
+=- y = v10:Cons (v8:Zero,v9:Nil)
+- [a: v8, b: v9] val v2 = v2:False

Evaluation trace associates
each computation with its
child computations and
an output location.
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State 1

equal = vi2:False

v7:Nil

v10:Cons (v8:Zero,v9:Nil)

: vi0] case_List = vi2:False

+- [] case_bd = vi1:False
+- y = vi0: (v8:Zero,v9:Nil)

+- [a: v8, b: v9Nval v2 = v2:False

Evaluation trace associates
each computation with its
child computations and
an output location.

Roly Perera (University of Birmingham) First-order interactive programming

19 January, 2010
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State 1

equal False

x

H1
¥: Cons(Zero,Nil)
= case x of

MNiT -=
case [y of
HNil -2

Consia: Zero,b: (Ni1) -» False
Cons{x'1,y' 1) -» B

Roly Perera (University
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State 1

equal = vi2:False
+- val v7 = v7:Nil
+- val v10 = v10:Cons(v8:Zero,v9:Nil)
+= [x: v7, y: vi0] case_List = vi2:False
+- x = v7:Nil
+- [] case_List = vii:False
+- y = v10:Cons (v8:Zero,v9:Nil)
+- [a: v8, b: v9] val v2 = v2:False

Roly Perera (University of Birmingt



State 1! State 2

equal = vi2:False
+- val v7 = v7:Cons(v13:Zero,v14:Nil)
+- val v10 = v10:Cons(v8:Zero,v9:Nil)
+= [x: v7, y: v10] case_List = vi2:False
+- x = v7:Cons(v13:Zero,v14:Nil) Introduce a change in
+- [1 case_List = vil:False the form of a store
+- y = v10:Cons (v8:Zero,v9:Nil) = .
+- [a: v8, b: v9] val v2 = v2:False mOdIflcatlon'

Roly Perera (University of Birmingham) First-order interactive programming 19 January, 2010 44 179



State 1! State 2

equal = vi2:False

+- val v7 = v7:Cons(vi3:Zero,v14:Nil)
+- val v10 = v10:Cons(v8:Zero,v9:Nil)
+=- [x: v7, y: v10] case_List = vi2:False
+- x = v7:Cons(v13:Zero,v14:Nil) Introduce a change in
+-, [1 case_List = vil:False the form of a store
+- y = v10:Cons (v8:Zero,v9:Nil) e .
+- [a: v8, b: v9] val v2 = v2:False modlflcatlon.

The change makes this ]

node unstable.
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State 2

equal = v12:False
+- val v7 = v7:Cons(vi3:Zero,vi4:Nil)
+- val v10 = v10:Cons (v8:Zero,v9:Nil)
+- [x: v7, y: vi0] case_List = vi2:False
+- x = v7:Cons(v13:Zero,v14:Nil)
+- [x’: vi13, y’: v14] case_List = v20:False
+- y = v10:Cons(v8:Zero,v9:Nil)
+- [a: v8, b: v9] case_Bool v19:False
+- equal_nat = v16:True
| +- %’ = vi13:Zero
+- a = v8:Zero
+- [x: v13, y: v8] case_Nat = vi6:True
+- x = vi3:Zero
+- [1 case_Nat = v15:True
+- y = v8:Zero
+- [1 val v6 = v6:True
[] equal = vi8:False
+- y’ = vi4:Nil
+- b = v9:Nil
+- [x: vi4, y: v9] case_List = vi8:False
+- x = vi4:Nil
+- [1 case_List = vi7:False
+- y = v9:Nil
+- [] val v3 = v3:False
[0 case_List = vi1:False
+- y = v10:Cons (v8:Zero,v9:Nil)
+- [a: v8, b: v9] val v2 = v2:False

|
|
|
|
|
|
-

Roly Perera (University of Birmingt

First-order interactive pro

Synchronisation restores
stability by splicing in the
correct sub-computation.




State 2

equal = v12:False
+- val v7 = v7:Cons(vi3:Zero,vi4:Nil)

+- val v10 = v10:Cons(v8:Zero,v9:Nil) synChI‘OI’IiSBtiOn restores
- : vl0) caseList N :112);%159 stability by splicing in the
:Lons H via:iN1 .
v20:False \ correct sub-computation.
v8] case_Nat = vi6:True
ero
= True
: Reification builds the new
structure.
-
+- : v9] case_List = vi8:False
t = vi7:False

y il )
+- [] val v3 = v3:False

[] case_List = vil:False
+- y = v10:Cons(v8:Zero,v9:Nil)
+= [a: v8, b: v9] val v2 = v2:False
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State 2

equal = v12:False

+- val v7 = v7:Cons(v ero,vi4:Nil)
+- val v10 = v10:Cons(v8:Zero,v9:Nil) Synchronisation restores
: vl0] case_List = vi2:False stability by splicing in the

v14:Nil)

False \ correct sub-computation.

_Bool = v19:False
v16:True

+- equal_nat =

> Reification builds the new
structure.

|
|
|
|
|
|
|
—

y: v9] case_List = vi8:False

= vi7:False

False )

+ [
[] case_List = vil:False
+- y = v10:Cons(v8:Zero,v9:Nil)
+= [a: v8, b: v9] val v2 = v2:False

Old computation is
retained for potential
re-use later.
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State 2

equal = vi2:False
+- val v7 = v7:Cons(v13:Zero,v14:Nil)
+- val v10 = v10:Cons(v8:Zero,v9:Nil)
+- [x: v7, y: v10] case_List = vi2:False
+- x = v7:Cons(v13:Zero,v14:Nil)
+- [x?: v13, y’: vi4] case_List = v20:False
+- y = v10:Cons(v8:Zero,v9:Nil)
+= [a: vB, b: v9] case_Bool = vi9:False
+- equal_nat = vi6:True
| +- x’ = vi13:Zero
| +- a = v8:Zero
|+ [x: v13, y: v8] case_Nat = vi16:True
| +- x = v13:Zero
| +- [1 case_Nat = vi15:True
| +- y = v8:Zero
| +- [] val v6 = v6:True
+- [1 equal = vi8:False
+- y? = v14:Nil
+- b = v9:Nil
+- [x: v14, y: v9] case_List = vi8:False
+- x = vi4:Nil
+- [] case_List = v17:False
+- y = vO:Nil
+- [1 val v3 = v3:False
[] case_List = v11:False
+- y = v10:Cons(v8:Zero,v9:Nil)
+- [a: v8, b: v9] val v2 = v2:False
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State 2

equal

= case x of

w:(Cons{Zero, Nil
@ ConsiZero, N1

[False

HiT -=
Cons{x': Zero,y': Ni1) -»
case [y of
HiTl -=
Consi{a: Zera,b: Nil) -» .
case equal_nat(Zero,Zera) .. True of
True -»
equal
Ml
yiNil
= case x of
il -3

False

Roly Perera (University of Birmingham)

case [y of
Nil -» False
Cons{a:,bh:) -5
Consi{x':,y':) -»
.
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State 2

equal = vi2:False
+- val v7 = v7:Cons(v13:Zero,v14:Nil)
+- val v10 = v10:Cons(v8:Zero,v9:Nil)
+- [x: v7, y: v10] case_List = vi2:False
+- x = v7:Cons(v13:Zero,v14:Nil)
+- [x?: v13, y’: vi4] case_List = v20:False
+- y = v10:Cons(v8:Zero,v9:Nil)
+= [a: vB, b: v9] case_Bool = vi9:False
+- equal_nat = vi6:True
| +- x’ = vi13:Zero
| +- a = v8:Zero
|+ [x: v13, y: v8] case_Nat = vi16:True
| +- x = v13:Zero
| +- [1 case_Nat = vi15:True
| +- y = v8:Zero
| +- [] val v6 = v6:True
+- [1 equal = vi8:False
+- y? = v14:Nil
+- b = v9:Nil
+- [x: v14, y: v9] case_List = vi8:False
+- x = vi4:Nil
+- [] case_List = v17:False
+- y = vO:Nil
+- [1 val v3 = v3:False
[] case_List = v11:False
+- y = v10:Cons(v8:Zero,v9:Nil)
+- [a: v8, b: v9] val v2 = v2:False
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State 2! State 3

Now modify a constant
occurring in a function
body.
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State 2! State 3

The parent is now
unstable, and requires
synchronisation.

Now modify a constant
occurring in a function
body.
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State 2! State 3

But synchronising that
computation leaves its
parent unstable.
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State 2! State 3

And so on. There is a
dataflow wavefront as
changes propagate to
the root.
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State 2! State 3

And so on. There is a
dataflow wavefront as
changes propagate to
the root.
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State 2! State 3

And so on. There is a
dataflow wavefront as
changes propagate to
the root.
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State 3

And so on. There is a
dataflow wavefront as
changes propagate to
the root.
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State 3
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State 3
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State 3
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State 3! State 4

Now make a change we
expect to affect the
recursive structure.
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State 3! State 4

Now make a change we
expect to affect the
recursive structure.

Immediately a child link
is invalidated in a case
analysis.
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State 4

But the new case clause
evaluates to the same
result, so the computation
immediately stabilises.
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State 4
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State 4
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State 4
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State 4! State 5

Fixing the bug will elicit
the effect we originally
expected.
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State 4! State 5

Again the synchronisation
proceeds bottom-up.
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State 4! State 5

But when we reach the
switch on the result of
equal_nat, the scrutinee
has changed from True to
False.
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State 4! State 5

But when we reach the
switch on the result of
equal_nat, the scrutinee
has changed from True to
False.

So this child link
is invalid.
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State 4! State 5

Synchronisation must
replace the recursive call by
the evaluation of the
constant False.
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State 4! State 5

And the root computation
eventually stabilises to the
correct result.
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State 5

And the root computation
eventually stabilises to the
correct result.
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State 5
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State 5
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State 5
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State 5

These persistent fragments
of computation can be
reused.
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State 6

First consider that changing
the tail of the list has no
effect on the reachable
computation.
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State 6

i

First consider that changing
the tail of the list has no
effect on the reachable
computation.

But the leftover fragment is
no longer stable.
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State 6! State 7

Now equalise the heads
again to force a comparison
of the tails.
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State 6! State 7

Synchronising this case
branch requires the
recursive call to be spliced
back in.
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State 6! State 7

Synchronising this case
branch requires the
recursive call to be spliced
back in.

But we must
synchronise it first.
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State 6! State 7

Synchronising this case
branch requires the
recursive call to be spliced
back in.

But we must
synchronise it first.
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State 6! State 7

Synchronising this case
branch requires the
recursive call to be spliced
back in.
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State 7

Synchronising this case
branch requires the
recursive call to be spliced
back in.
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Many issues

@ Code modi cation
I Higher-order functions

e E cient implementation?

o Non-termination
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