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We present FixML, a system for automatically generating feedback on logical errors in functional programming
assignments. As functional languages have been gaining popularity, the number of students enrolling functional
programming courses has increased significantly. However, the quality of feedback, in particular for logical
errors, is hardly satisfying. To provide personalized feedback on logical errors, we present a new error-
correction algorithm for functional languages, which combines statistical error-localization and type-directed
program synthesis enhanced with components reduction and search space pruning using symbolic execution.
We implemented our algorithm in a tool, called FixML, and evaluated it with 497 students’ submissions from
13 exercises, including not only introductory but also more advanced problems. Our experimental results
show that our tool effectively corrects various and complex errors: it fixed 43% of the 497 submissions in 5.4
seconds on average and managed to fix a hard-to-find error in a large submission, consisting of 154 lines.
We also performed user study with 18 undergraduate students and confirmed that our system actually helps
students to better understand their programming errors.
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1 INTRODUCTION

Motivation. Themotivation for this work originated from an undergraduate course on functional
programming taught by the authors over the last few years. As functional languages have been
gaining popularity, the number of students enrolling the course has increased significantly. The
quality of feedback, however, hardly satisfied the increased demands. Because most students have
no experience in functional languages, they often have more difficulty with various programming
errors than learning other languages such as Java or Python. However, assisting students to resolve
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• T.A. experience in functional programming course.

• A lot of e-mails about assignments

Motivation

!2

Dear T.A. …

T.A.Student

Dear T.A. I have questions on Homework 1

49 Replies for a homework!!
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1:28 Anon.

6 | Sum of aexp list

7
8 let rec diff : aexp * string -> aexp

9 = fun (e, x) ->

10 match e with

11 | Const n -> Const 0

12 | Var a -> if (a <> x) then Const 0 else Const 1

13 | Power (a, n) -> if (a <> x) then Const 0 else Times [Const n; Power (a, n-1)]

14 | Times l ->

15 begin

16 match l with

17 | [] -> Const 0

18 | hd::tl -> Sum [Times ((diff (hd, x))::tl); Times [hd; diff (Times tl, x)]]

19 end

20 | Sum l -> Sum (List.map (fun e -> diff (e,x)) l)

B LANGUAGE
The full language of F��ML is as follows:

E ::= () | n | x | true | false | str | �x.E | E1 + E2 | E1 � E2 | E1 ⇥ E2 | E1/E2 | E1 mod E2 | �E
| not E | E1 | | E2 | E1 &&E2 | E1 < E2 | E1 > E2 | E1  E2 | E1 � E2 | E1 = E2 | E1<>E2
| E1 E2 | E1::E2 | E1@E2 | E1ˆE2 | raise E | (E1, . . . ,Ek ) | [E1; . . . ;Ek ]
| if E1 E2 E3 | c (E1, . . . ,Ek ) | let x = E1 in E2 | let rec f (x ) = E1 in E2
| let x1 = E1 and . . . and xk = Ek in E | let rec f1 (x1) = E1 and . . . and fk (xk ) = Ek in E
| match E with p1 ! E1 | · · · | pk ! Ek
| ⇤

� ::= unit | int | bool | string | exn | �1 ! �2 | � list | T | (�1⇤ . . . ⇤�k ) | �
p ::= n | x | true | false | p1 :: p2 | [p1; . . . ;pk ] | (p1, . . . ,p2) | c (p1, . . . ,pk ) | p1 | · · · | pk | _

C FEEDBACK ON A LARGE PROGRAM
F��ML was able to accurately identify and �x the error at line 123 in the following student program
for problem #13 in 3.4 seconds.

1 type aexp =

2 |CONST of int

3 | VAR of string

4 | POWER of string * int

5 | TIMES of aexp list

6 | SUM of aexp list

7
8 type env = (string * int * int) list

9
10 let diff : aexp * string -> aexp

11 = fun (aexp, x) ->

12
13 let rec deployEnv : env -> int -> aexp list

14 = fun env flag ->

15 match env with

16 | hd::tl ->

17 (
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1:28 Anon.

6 | Sum of aexp list

7
8 let rec diff : aexp * string -> aexp

9 = fun (e, x) ->

10 match e with

11 | Const n -> Const 0

12 | Var a -> if (a <> x) then Const 0 else Const 1

13 | Power (a, n) -> if (a <> x) then Const 0 else Times [Const n; Power (a, n-1)]

14 | Times l ->

15 begin

16 match l with

17 | [] -> Const 0

18 | hd::tl -> Sum [Times ((diff (hd, x))::tl); Times [hd; diff (Times tl, x)]]

19 end

20 | Sum l -> Sum (List.map (fun e -> diff (e,x)) l)

B LANGUAGE
The full language of F��ML is as follows:

E ::= () | n | x | true | false | str | �x.E | E1 + E2 | E1 � E2 | E1 ⇥ E2 | E1/E2 | E1 mod E2 | �E
| not E | E1 | | E2 | E1 &&E2 | E1 < E2 | E1 > E2 | E1  E2 | E1 � E2 | E1 = E2 | E1<>E2
| E1 E2 | E1::E2 | E1@E2 | E1ˆE2 | raise E | (E1, . . . ,Ek ) | [E1; . . . ;Ek ]
| if E1 E2 E3 | c (E1, . . . ,Ek ) | let x = E1 in E2 | let rec f (x ) = E1 in E2
| let x1 = E1 and . . . and xk = Ek in E | let rec f1 (x1) = E1 and . . . and fk (xk ) = Ek in E
| match E with p1 ! E1 | · · · | pk ! Ek
| ⇤

� ::= unit | int | bool | string | exn | �1 ! �2 | � list | T | (�1⇤ . . . ⇤�k ) | �
p ::= n | x | true | false | p1 :: p2 | [p1; . . . ;pk ] | (p1, . . . ,p2) | c (p1, . . . ,pk ) | p1 | · · · | pk | _

C FEEDBACK ON A LARGE PROGRAM
F��ML was able to accurately identify and �x the error at line 123 in the following student program
for problem #13 in 3.4 seconds.

1 type aexp =

2 |CONST of int

3 | VAR of string

4 | POWER of string * int

5 | TIMES of aexp list

6 | SUM of aexp list

7
8 type env = (string * int * int) list

9
10 let diff : aexp * string -> aexp

11 = fun (aexp, x) ->

12
13 let rec deployEnv : env -> int -> aexp list

14 = fun env flag ->

15 match env with

16 | hd::tl ->

17 (
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18 match hd with

19 |(x, c, p) ->

20 if (flag = 0 && c = 0) then deployEnv tl flag

21 else if (x = �const� && flag = 1 && c = 1) then deployEnv tl flag

22 else if (p = 0) then (CONST c)::(deployEnv tl flag)

23 else if (c = 1 && p = 1) then (VAR x)::(deployEnv tl flag)

24 else if (p = 1) then TIMES[CONST c; VAR x]::(deployEnv tl flag)

25 else if (c = 1) then POWER(x, p)::(deployEnv tl flag)

26 else TIMES [CONST c; POWER(x, p)]::(deployEnv tl flag)

27 )

28 | [] -> []

29 in

30
31 let rec updateEnv : (string * int * int) -> env -> int -> env

32 = fun elem env flag ->

33 match env with

34 | (hd::tl) ->

35 (

36 match hd with

37 | (x, c, p) ->

38 (

39 match elem with

40 |(x2, c2, p2) ->

41 if (flag = 0) then

42 if (x = x2 && p = p2) then (x, (c + c2), p)::tl

43 else hd::(updateEnv elem tl flag)

44 else

45 if (x = x2) then (x, (c*c2), (p + p2))::tl

46 else hd::(updateEnv elem tl flag)

47 )

48 )

49 | [] -> elem::[]

50 in

51
52 let rec doDiff : aexp * string -> aexp

53 = fun (aexp, x) ->

54 match aexp with

55 | CONST _ -> CONST 0

56 | VAR v ->

57 if (x = v) then CONST 1

58 else CONST 0

59 | POWER (v, p) ->

60 if (p = 0) then CONST 0

61 else if (x = v) then TIMES ((CONST p)::POWER (v, p-1)::[])

62 else CONST 0

63 | TIMES lst ->

64 (

65 match lst with

66 | (hd::[]) -> doDiff (hd, x)

67 | (hd::tl) ->

68 let diff_hd = doDiff(hd, x) in

69 let diff_tl = doDiff((TIMES tl), x) in
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70 (

71 match (hd, diff_hd, tl, diff_tl) with

72 | (CONST p, CONST s, [CONST r], CONST q) -> CONST (p*q + r*s)

73 | (CONST p, _, _, CONST q) ->

74 if (diff_hd = CONST 0 || tl = [CONST 0]) then CONST (p*q)

75 else SUM [CONST(p*q); TIMES(diff_hd::tl)]

76 | (_, CONST s, [CONST r], _) ->

77 if (hd = CONST 0 || diff_tl = CONST 0) then CONST (r*s)

78 else SUM [TIMES [hd; diff_tl]; CONST(r*s)]

79 | _ ->

80 if (hd = CONST 0 || diff_tl = CONST 0) then TIMES(diff_hd::tl)

81 else if (tl = [CONST 0] || diff_hd = CONST 0) then TIMES [hd; diff_tl]

82 else SUM [TIMES [hd; diff_tl]; TIMES (diff_hd::tl)]

83 )

84 | [] -> CONST 0

85 )

86 | SUM lst -> SUM(List.map (fun aexp -> doDiff(aexp, x)) lst)

87 in

88
89 let rec simplify : aexp -> env -> int -> aexp list

90 = fun aexp env flag ->

91 match aexp with

92 | SUM lst ->

93 (

94 match lst with

95 | (CONST c)::tl -> simplify (SUM tl) (updateEnv (�const�, c, 0) env 0) 0

96 | (VAR x)::tl -> simplify (SUM tl) (updateEnv (x, 1, 1) env 0) 0

97 | (POWER (x, p))::tl -> simplify (SUM tl) (updateEnv (x, 1, p) env 0) 0

98 | (SUM lst)::tl -> simplify (SUM (List.append lst tl)) env 0

99 | (TIMES lst)::tl ->

100 (

101 let l = simplify (TIMES lst) [] 1 in

102 match l with

103 | h::t ->

104 if (t = []) then List.append l (simplify (SUM tl) env 0)

105 else List.append (TIMES l::[]) (simplify (SUM tl) env 0)

106 | [] -> []

107 )

108 | [] -> deployEnv env 0

109 )

110 | TIMES lst ->

111 (

112 match lst with

113 | (CONST c)::tl -> simplify (TIMES tl) (updateEnv (�const�, c, 0) env 1) 1

114 | (VAR x)::tl -> simplify (TIMES tl) (updateEnv (x, 1, 1) env 1) 1

115 | (POWER (x, p))::tl -> simplify (TIMES tl) (updateEnv (x, 1, p) env 1) 1

116 | (SUM lst)::tl ->

117 (

118 let l = simplify (SUM lst) [] 0 in

119 match l with

120 | h::t ->

121 if (t = []) then List.append l (simplify (TIMES tl) env 1)
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122 else List.append (SUM l::[]) (simplify (TIMES tl) env 1)

123 | [] -> [] (* Feedback : Replace [] by ((Sum lst) :: tl) *)

124 )

125 | (TIMES lst)::tl -> simplify (TIMES (List.append lst tl)) env 1

126 | [] -> deployEnv env 1

127 )

128 in

129
130 let result = doDiff (aexp, x) in

131 match result with

132 | SUM _ -> SUM (simplify result [] 0)

133 | TIMES _ -> TIMES (simplify result [] 1)

134 | _ -> result
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Student’s implementation: Solution:

TA:
Hard to generate feedback!

Students:
Solution is meaningless…
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1:28 Anon.

6 | Sum of aexp list

7
8 let rec diff : aexp * string -> aexp

9 = fun (e, x) ->

10 match e with

11 | Const n -> Const 0

12 | Var a -> if (a <> x) then Const 0 else Const 1

13 | Power (a, n) -> if (a <> x) then Const 0 else Times [Const n; Power (a, n-1)]

14 | Times l ->

15 begin

16 match l with

17 | [] -> Const 0

18 | hd::tl -> Sum [Times ((diff (hd, x))::tl); Times [hd; diff (Times tl, x)]]

19 end

20 | Sum l -> Sum (List.map (fun e -> diff (e,x)) l)

B LANGUAGE
The full language of F��ML is as follows:

E ::= () | n | x | true | false | str | �x.E | E1 + E2 | E1 � E2 | E1 ⇥ E2 | E1/E2 | E1 mod E2 | �E
| not E | E1 | | E2 | E1 &&E2 | E1 < E2 | E1 > E2 | E1  E2 | E1 � E2 | E1 = E2 | E1<>E2
| E1 E2 | E1::E2 | E1@E2 | E1ˆE2 | raise E | (E1, . . . ,Ek ) | [E1; . . . ;Ek ]
| if E1 E2 E3 | c (E1, . . . ,Ek ) | let x = E1 in E2 | let rec f (x ) = E1 in E2
| let x1 = E1 and . . . and xk = Ek in E | let rec f1 (x1) = E1 and . . . and fk (xk ) = Ek in E
| match E with p1 ! E1 | · · · | pk ! Ek
| ⇤

� ::= unit | int | bool | string | exn | �1 ! �2 | � list | T | (�1⇤ . . . ⇤�k ) | �
p ::= n | x | true | false | p1 :: p2 | [p1; . . . ;pk ] | (p1, . . . ,p2) | c (p1, . . . ,pk ) | p1 | · · · | pk | _

C FEEDBACK ON A LARGE PROGRAM
F��ML was able to accurately identify and �x the error at line 123 in the following student program
for problem #13 in 3.4 seconds.

1 type aexp =

2 |CONST of int

3 | VAR of string

4 | POWER of string * int

5 | TIMES of aexp list

6 | SUM of aexp list

7
8 type env = (string * int * int) list

9
10 let diff : aexp * string -> aexp

11 = fun (aexp, x) ->

12
13 let rec deployEnv : env -> int -> aexp list

14 = fun env flag ->

15 match env with

16 | hd::tl ->

17 (
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6 | Sum of aexp list

7
8 let rec diff : aexp * string -> aexp

9 = fun (e, x) ->

10 match e with

11 | Const n -> Const 0

12 | Var a -> if (a <> x) then Const 0 else Const 1

13 | Power (a, n) -> if (a <> x) then Const 0 else Times [Const n; Power (a, n-1)]

14 | Times l ->

15 begin

16 match l with

17 | [] -> Const 0

18 | hd::tl -> Sum [Times ((diff (hd, x))::tl); Times [hd; diff (Times tl, x)]]

19 end

20 | Sum l -> Sum (List.map (fun e -> diff (e,x)) l)

B LANGUAGE
The full language of F��ML is as follows:

E ::= () | n | x | true | false | str | �x.E | E1 + E2 | E1 � E2 | E1 ⇥ E2 | E1/E2 | E1 mod E2 | �E
| not E | E1 | | E2 | E1 &&E2 | E1 < E2 | E1 > E2 | E1  E2 | E1 � E2 | E1 = E2 | E1<>E2
| E1 E2 | E1::E2 | E1@E2 | E1ˆE2 | raise E | (E1, . . . ,Ek ) | [E1; . . . ;Ek ]
| if E1 E2 E3 | c (E1, . . . ,Ek ) | let x = E1 in E2 | let rec f (x ) = E1 in E2
| let x1 = E1 and . . . and xk = Ek in E | let rec f1 (x1) = E1 and . . . and fk (xk ) = Ek in E
| match E with p1 ! E1 | · · · | pk ! Ek
| ⇤

� ::= unit | int | bool | string | exn | �1 ! �2 | � list | T | (�1⇤ . . . ⇤�k ) | �
p ::= n | x | true | false | p1 :: p2 | [p1; . . . ;pk ] | (p1, . . . ,p2) | c (p1, . . . ,pk ) | p1 | · · · | pk | _

C FEEDBACK ON A LARGE PROGRAM
F��ML was able to accurately identify and �x the error at line 123 in the following student program
for problem #13 in 3.4 seconds.

1 type aexp =

2 |CONST of int

3 | VAR of string

4 | POWER of string * int

5 | TIMES of aexp list

6 | SUM of aexp list

7
8 type env = (string * int * int) list

9
10 let diff : aexp * string -> aexp

11 = fun (aexp, x) ->

12
13 let rec deployEnv : env -> int -> aexp list

14 = fun env flag ->

15 match env with

16 | hd::tl ->

17 (
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18 match hd with

19 |(x, c, p) ->

20 if (flag = 0 && c = 0) then deployEnv tl flag

21 else if (x = �const� && flag = 1 && c = 1) then deployEnv tl flag

22 else if (p = 0) then (CONST c)::(deployEnv tl flag)

23 else if (c = 1 && p = 1) then (VAR x)::(deployEnv tl flag)

24 else if (p = 1) then TIMES[CONST c; VAR x]::(deployEnv tl flag)

25 else if (c = 1) then POWER(x, p)::(deployEnv tl flag)

26 else TIMES [CONST c; POWER(x, p)]::(deployEnv tl flag)

27 )

28 | [] -> []

29 in

30
31 let rec updateEnv : (string * int * int) -> env -> int -> env

32 = fun elem env flag ->

33 match env with

34 | (hd::tl) ->

35 (

36 match hd with

37 | (x, c, p) ->

38 (

39 match elem with

40 |(x2, c2, p2) ->

41 if (flag = 0) then

42 if (x = x2 && p = p2) then (x, (c + c2), p)::tl

43 else hd::(updateEnv elem tl flag)

44 else

45 if (x = x2) then (x, (c*c2), (p + p2))::tl

46 else hd::(updateEnv elem tl flag)

47 )

48 )

49 | [] -> elem::[]

50 in

51
52 let rec doDiff : aexp * string -> aexp

53 = fun (aexp, x) ->

54 match aexp with

55 | CONST _ -> CONST 0

56 | VAR v ->

57 if (x = v) then CONST 1

58 else CONST 0

59 | POWER (v, p) ->

60 if (p = 0) then CONST 0

61 else if (x = v) then TIMES ((CONST p)::POWER (v, p-1)::[])

62 else CONST 0

63 | TIMES lst ->

64 (

65 match lst with

66 | (hd::[]) -> doDiff (hd, x)

67 | (hd::tl) ->

68 let diff_hd = doDiff(hd, x) in

69 let diff_tl = doDiff((TIMES tl), x) in

Proc. ACM Program. Lang., Vol. 1, No. OOPSLA, Article 1. Publication date: January 2018.

1422

1423

1424

1425

1426

1427

1428

1429

1430

1431

1432

1433

1434

1435

1436

1437

1438

1439

1440

1441

1442

1443

1444

1445

1446

1447

1448

1449

1450

1451

1452

1453

1454

1455

1456

1457

1458

1459

1460

1461

1462

1463

1464

1465

1466

1467

1468

1469

1470

1:30 Anon.

70 (

71 match (hd, diff_hd, tl, diff_tl) with

72 | (CONST p, CONST s, [CONST r], CONST q) -> CONST (p*q + r*s)

73 | (CONST p, _, _, CONST q) ->

74 if (diff_hd = CONST 0 || tl = [CONST 0]) then CONST (p*q)

75 else SUM [CONST(p*q); TIMES(diff_hd::tl)]

76 | (_, CONST s, [CONST r], _) ->

77 if (hd = CONST 0 || diff_tl = CONST 0) then CONST (r*s)

78 else SUM [TIMES [hd; diff_tl]; CONST(r*s)]

79 | _ ->

80 if (hd = CONST 0 || diff_tl = CONST 0) then TIMES(diff_hd::tl)

81 else if (tl = [CONST 0] || diff_hd = CONST 0) then TIMES [hd; diff_tl]

82 else SUM [TIMES [hd; diff_tl]; TIMES (diff_hd::tl)]

83 )

84 | [] -> CONST 0

85 )

86 | SUM lst -> SUM(List.map (fun aexp -> doDiff(aexp, x)) lst)

87 in

88
89 let rec simplify : aexp -> env -> int -> aexp list

90 = fun aexp env flag ->

91 match aexp with

92 | SUM lst ->

93 (

94 match lst with

95 | (CONST c)::tl -> simplify (SUM tl) (updateEnv (�const�, c, 0) env 0) 0

96 | (VAR x)::tl -> simplify (SUM tl) (updateEnv (x, 1, 1) env 0) 0

97 | (POWER (x, p))::tl -> simplify (SUM tl) (updateEnv (x, 1, p) env 0) 0

98 | (SUM lst)::tl -> simplify (SUM (List.append lst tl)) env 0

99 | (TIMES lst)::tl ->

100 (

101 let l = simplify (TIMES lst) [] 1 in

102 match l with

103 | h::t ->

104 if (t = []) then List.append l (simplify (SUM tl) env 0)

105 else List.append (TIMES l::[]) (simplify (SUM tl) env 0)

106 | [] -> []

107 )

108 | [] -> deployEnv env 0

109 )

110 | TIMES lst ->

111 (

112 match lst with

113 | (CONST c)::tl -> simplify (TIMES tl) (updateEnv (�const�, c, 0) env 1) 1

114 | (VAR x)::tl -> simplify (TIMES tl) (updateEnv (x, 1, 1) env 1) 1

115 | (POWER (x, p))::tl -> simplify (TIMES tl) (updateEnv (x, 1, p) env 1) 1

116 | (SUM lst)::tl ->

117 (

118 let l = simplify (SUM lst) [] 0 in

119 match l with

120 | h::t ->

121 if (t = []) then List.append l (simplify (TIMES tl) env 1)

Proc. ACM Program. Lang., Vol. 1, No. OOPSLA, Article 1. Publication date: January 2018.

1471

1472

1473

1474

1475

1476

1477

1478

1479

1480

1481

1482

1483

1484

1485

1486

1487

1488

1489

1490

1491

1492

1493

1494

1495

1496

1497

1498

1499

1500

1501

1502

1503

1504

1505

1506

1507

1508

1509

1510

1511

1512

1513

1514

1515

1516

1517

1518

1519

Automatic Error Correction for Functional Programming Assignments 1:31

122 else List.append (SUM l::[]) (simplify (TIMES tl) env 1)

123 | [] -> [] (* Feedback : Replace [] by ((Sum lst) :: tl) *)

124 )

125 | (TIMES lst)::tl -> simplify (TIMES (List.append lst tl)) env 1

126 | [] -> deployEnv env 1

127 )

128 in

129
130 let result = doDiff (aexp, x) in

131 match result with

132 | SUM _ -> SUM (simplify result [] 0)

133 | TIMES _ -> TIMES (simplify result [] 1)

134 | _ -> result
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학생 제출 답안

!4

Student’s implementation: Solution:

Time: 3.4 sec

Just Replace “[]”  
by“SUM tl”

Automated T.A.



Example1: Mirroring Tree

• Warming up!

!5

type btree =  
  | Empty 
  | Node of int * btree * btree 

let rec mirror tree =  
  match tree with 
  | Empty -> Empty 
  | Node (n,l,r) -> Node (n,r,l)
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Example1: Mirroring Tree

• Warming up!

!7

type btree =  
  | Empty 
  | Node of int * btree * btree 

let rec mirror tree =  
  match tree with 
  | Empty -> Empty 
  | Node (n,l,r) -> Node (n,r,l)

FixML: Node (n, mirror r, mirror l)

Time: 0.1 sec
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Example2: Natural Numbers

• More complicated program

!8

type nat =  
  |ZERO 
  |SUCC of nat 

let rec natadd n1 n2 =  
  match n1 with 
  |ZERO -> ZERO 
  |SUCC n -> SUCC (natadd n n2) 

let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO  
  | SUCC ZERO -> n2 
  | SUCC n1’ ->  
    SUCC( match n2 with 
      | ZERO -> ZERO 
      | SUCC ZERO -> SUCC ZERO 
      | SUCC n2’ -> SUCC (natmul n1’ (natmul n1 n2’)) 
    )

Test cases : 
natmul (ZERO) (SUCC ZERO) = ZERO 
natmul (SUCC ZERO) (SUCC ZERO) = SUCC ZERO 
natmul (SUCC(SUCC ZERO)) (SUCC(SUCC(SUCC ZERO))) 
= SUCC(SUCC(SUCC(SUCC(SUCC(SUCC ZERO)))))
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2 + (n1 − 1) × (n1 × (n2 − 1))

Wrong formula:
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type nat =  
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  |SUCC of nat 

let rec natadd n1 n2 =  
  match n1 with 
  |ZERO -> ZERO 
  |SUCC n -> SUCC (natadd n n2) 

let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO  
  | SUCC ZERO -> n2 
  | SUCC n1’ ->  
    SUCC( match n2 with 
      | ZERO -> ZERO 
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    )
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natmul (SUCC ZERO) (SUCC ZERO) = SUCC ZERO 
natmul (SUCC(SUCC ZERO)) (SUCC(SUCC(SUCC ZERO))) 
= SUCC(SUCC(SUCC(SUCC(SUCC(SUCC ZERO)))))

2 + (n1 − 1) × (n1 × (n2 − 1))

Wrong formula:

FixML: 
natadd n2(natmul n1’ n2)
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F��ML can correct diverse types of logical errors. For example, consider the incorrect program
written by another student:

1 let rec diff (e,x) =

2 match e with

3 | SUM [] -> SUM []

4 | SUM (h::[]) -> CONST 0 (* Feedback: Replace �CONST 0� by �diff (h,x)� *)

5 | SUM (h::t) -> SUM [diff (h,x); diff (SUM t,x)] | ...

In this case, the program is incorrect as it does not di�erentiate the head element h at line 4. With
the same solution and testcases, F��ML corrects the error by replacing the expression CONST 0 by
diff (h,x) in 0.7 seconds.

Note that the two student submissions are substantially di�erent from the instructor’s solution.
For example, in Appendix A, the instructor implemented the SUM case using List.map as follows
(Problem #13):

1 let rec diff (e,x) =

2 match e with

3 | SUM l -> SUM (List.map (fun e -> diff (e,x)) l) | ...

We observed that, for nontrivial programming assignments, students use many di�erent ways of
implementing the required functionality (see Section 5.5). The development of F��MLwas motivated
by the di�erence between the solution and submissions, which makes it di�cult for students to
identify and correct the errors in their own programs.
Furthermore, F��ML can introduce more complex expressions such as conditional expressions.

For example, consider the following code:

1 let rec diff (e,x) =

2 match e with

3 | Var v -> CONST 1 (* Feedback: Replace �Const 1� by �Const (if (x=v) then 1 else 0)� *) | ...

The program has an error at line 3, where the student missed the case when the variable v equals
to the input variable x. F��ML correctly identi�ed this error and corrected the expression 1 by if

var=str then 1 else 0 in 2.1 seconds.

Example 2 (Natural Numbers). The next problem is to implement functions that add and
multiply user-de�ned natural numbers. The natural number can be de�ned in datatype as follows:

1 type nat = ZERO | SUCC of nat

For instance, (SUCC (SUCC ZERO)) denotes 2. The goal of the problem is to de�ne two functions
natadd: nat -> nat -> nat and natmul: nat -> nat -> nat, which take two natural numbers
as input and produce their addition and multiplication, respectively. For example, natadd (SUCC

(SUCC ZERO)) (SUCC ZERO) and natmul (SUCC (SUCC ZERO)) (SUCC ZERO) should produce
(SUCC (SUCC (SUCC ZERO))) and (SUCC (SUCC ZERO))), respectively.

Fig. 2 shows an erroneous program written by a student, where natadd is correct but natmul
has a big conceptual error. Note that multiplication is inductively de�ned with addition as follows:

n1 ⇥ n2 =

⇢
0 n1 = 0
n2 + (n1 � 1) ⇥ n2 n1 , 0

However, the student could not conceive this equation and implemented the wrong codes at lines 5–
8, where a substantial modi�cation is needed to correct the program. Impressively, F��ML replaced
the three lines by the correction expression (natadd n2 (natmul n1’ n2)) in 22 seconds.
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Time: 22 sec



Example3: Append Lists

• Stackoverflow example

!11

(* check whether the element e is in list l *) 
let rec find e l =  
  match l with 
  | [] -> false 
  | h::t -> if h = e then true else find e t 

(* append l1’s elements not in l2 *) 
let rec helper l1 l2 = 
  match l1 with 
  | [] -> l2  
  | h::t ->  
    if find h l2 = false then helper t (l2@[h]) 
    else helper t l2 

let append_list x y = helper x y

Test cases : 
append_list [1;3] [3;4;5] = [3;4;5;1] 
append_list [1] [3;3;4] = [3;4;1]
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Example3: Append Lists

• Stackoverflow example

!13

FixML: (helper y [])

Time: 43 sec

Test cases : 
append_list [1;3] [3;4;5] = [3;4;5;1] 
append_list [1] [3;3;4] = [3;4;1]

Do not check the duplication in list y



FixML

• Given solution and test cases, our system automatically fixes 
the student submissions.
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Error Localization
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• Given buggy program and test cases, return a set of partial 
programs with suspicious score.



Statistical Fault Localization
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let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO  
  | SUCC ZERO -> n2 
  | SUCC n1’ ->  
    SUCC( match n2 with 
      | ZERO -> ZERO 
      | SUCC ZERO -> SUCC ZERO 
      | SUCC n2’ -> SUCC (natmul n1’ (natmul n1 n2’)) 
    )

Test cases : 
natmul ZERO (SUCC ZERO) = ZERO 

natmul (SUCC ZERO) (SUCC ZERO) = (SUCC ZERO) 

natmul (SUCC (SUCC ZERO)) ZERO = ZERO 

  Student’s program:
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let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO  
  | SUCC ZERO -> n2 
  | SUCC n1’ ->  
    SUCC( match n2 with 
      | ZERO -> ZERO 
      | SUCC ZERO -> SUCC ZERO 
      | SUCC n2’ -> SUCC (natmul n1’ (natmul n1 n2’)) 
    )

Test cases : 
natmul ZERO (SUCC ZERO) = ZERO 

natmul (SUCC ZERO) (SUCC ZERO) = (SUCC ZERO) 

natmul (SUCC (SUCC ZERO)) ZERO = ZERO 

  Student’s program:

The program satisfies the test case => Positive



Statistical Fault Localization

!18

let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO  
  | SUCC ZERO -> n2 
  | SUCC n1’ ->  
    SUCC( match n2 with 
      | ZERO -> ZERO 
      | SUCC ZERO -> SUCC ZERO 
      | SUCC n2’ -> SUCC (natmul n1’ (natmul n1 n2’)) 
    )

Test cases : 
natmul ZERO (SUCC ZERO) = ZERO 

natmul (SUCC ZERO) (SUCC ZERO) = (SUCC ZERO) 

natmul (SUCC (SUCC ZERO)) ZERO = ZERO 

  Student’s program:

The program cannot satisfy the test case => Negative



Statistical Fault Localization

!19

let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO  
  | SUCC ZERO -> n2 
  | SUCC n1’ ->  
    SUCC( match n2 with 
      | ZERO -> ZERO 
      | SUCC ZERO -> SUCC ZERO 
      | SUCC n2’ -> SUCC (natmul n1’ (natmul n1 n2’)) 
    )

Test cases : 
natmul ZERO (SUCC ZERO) = ZERO 

natmul (SUCC ZERO) (SUCC ZERO) = (SUCC ZERO) 

natmul (SUCC (SUCC ZERO)) ZERO = ZERO 

  Student’s program:

Only positive

Positive + negative

Only negative



Statistical Fault Localization

!20

let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO  
  | SUCC ZERO -> n2 
  | SUCC n1’ ->  
    SUCC( match n2 with 
      | ZERO -> ZERO 
      | SUCC ZERO -> SUCC ZERO 
      | SUCC n2’ -> SUCC (natmul n1’ (natmul n1 n2’)) 
    )

Test cases : 
natmul ZERO (SUCC ZERO) = ZERO 

natmul (SUCC ZERO) (SUCC ZERO) = (SUCC ZERO) 

natmul (SUCC (SUCC ZERO)) ZERO = ZERO 

  Student’s program:

More negative, less positive => more suspicious

Only positive

Positive + negative

Only negative



Statistical Fault Localization

!21

let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO  
  | SUCC ZERO -> n2 
  | SUCC n1’ ->  
    SUCC( match n2 with 
      | ZERO -> ZERO 
      | SUCC ZERO -> SUCC ZERO 
      | SUCC n2’ -> SUCC (natmul n1’ (natmul n1 n2’)) 
    )

Test cases : 
natmul ZERO (SUCC ZERO) = ZERO 

natmul (SUCC ZERO) (SUCC ZERO) = (SUCC ZERO) 

natmul (SUCC (SUCC ZERO)) ZERO = ZERO 

  Student’s program:

let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO  
  | SUCC ZERO -> n2 
  | SUCC n1’ -> ?

let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO  
  | SUCC ZERO -> ? 
  | SUCC n1’ -> … 

let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ?  
  | SUCC ZERO -> SUCC ZERO 
  | SUCC n1’ -> … 

… …

High LowS1 S2 S3

MLMLMLML

(Si, Pi)

P1 P2 P3

Return a set of scored partial programs



Program Synthesis

!22

ML
Correct Program

ML
Incorrect Program

ML
Repaired Program

MLMLMLML

Statistical Fault 
Localization

Program Synthesis
Testcases

Component
Reduction

Type-directed
Enumeration

Symbolic
Execution

• Given the set of scored partial program, it generates a repaired 
program.



Baseline: Enumerative Search

!23

let rec natmul n1 n2 = 

  match n1 with 

  | ZERO -> ZERO | SUCC ZERO -> n2 

  | SUCC n1’ -> ?

let rec natmul n1 n2 = 

  match n1 with 

  | ZERO -> ZERO | SUCC ZERO -> n2 

  | SUCC n1’ -> SUCC ?

let rec natmul n1 n2 = 

  match n1 with 

  | ZERO -> ZERO | SUCC ZERO -> n2 

  | SUCC n1’ -> (fun x -> ?)

let rec natmul n1 n2 = 

  match n1 with 

  | ZERO -> ZERO | SUCC ZERO -> n2 

  | SUCC n1’ -> n1

let rec natmul n1 n2 = 

  match n1 with 

  | ZERO -> ZERO | SUCC ZERO -> n2 

  | SUCC n1’ -> if ? then ? else ?

let rec natmul n1 n2 = 

  match n1 with 

  | ZERO -> ZERO | SUCC ZERO -> SUCC ZERO 

  | SUCC n1’ -> SUCC (ZERO)

let rec natmul n1 n2 = 

  match n1 with 

  | ZERO -> ZERO | SUCC ZERO -> SUCC ZERO 

  | SUCC n1’ -> SUCC (n1’)

let rec natmul n1 n2 = 

  match n1 with 

  | ZERO -> ZERO | SUCC ZERO -> SUCC ZERO 

  | SUCC n1’ -> SUCC (if ? then ? else ?)

let rec natmul n1 n2 = 

  match n1 with 

  | ZERO -> ZERO | SUCC ZERO -> SUCC ZERO 

  | SUCC n1’ -> SUCC (? ?)

let rec natmul n1 n2 = 

  match n1 with 

  | ZERO -> ZERO | SUCC ZERO -> SUCC ZERO 

  | SUCC n1’ -> SUCC (true)…
…

• Enumerating all expressions in the language



Baseline: Enumerative Search

!24

let rec natmul n1 n2 = 

  match n1 with 

  | ZERO -> ZERO | SUCC ZERO -> n2 

  | SUCC n1’ -> ?

let rec natmul n1 n2 = 

  match n1 with 

  | ZERO -> ZERO | SUCC ZERO -> n2 

  | SUCC n1’ -> SUCC ?

let rec natmul n1 n2 = 

  match n1 with 

  | ZERO -> ZERO | SUCC ZERO -> n2 

  | SUCC n1’ -> (fun x -> ?)

let rec natmul n1 n2 = 

  match n1 with 

  | ZERO -> ZERO | SUCC ZERO -> n2 

  | SUCC n1’ -> n1

let rec natmul n1 n2 = 

  match n1 with 

  | ZERO -> ZERO | SUCC ZERO -> n2 

  | SUCC n1’ -> if ? then ? else ?

let rec natmul n1 n2 = 

  match n1 with 

  | ZERO -> ZERO | SUCC ZERO -> SUCC ZERO 

  | SUCC n1’ -> SUCC (ZERO)

let rec natmul n1 n2 = 

  match n1 with 

  | ZERO -> ZERO | SUCC ZERO -> SUCC ZERO 

  | SUCC n1’ -> SUCC (n1’)

let rec natmul n1 n2 = 

  match n1 with 

  | ZERO -> ZERO | SUCC ZERO -> SUCC ZERO 

  | SUCC n1’ -> SUCC (if ? then ? else ?)

let rec natmul n1 n2 = 

  match n1 with 

  | ZERO -> ZERO | SUCC ZERO -> SUCC ZERO 

  | SUCC n1’ -> SUCC (? ?)

let rec natmul n1 n2 = 

  match n1 with 

  | ZERO -> ZERO | SUCC ZERO -> SUCC ZERO 

  | SUCC n1’ -> SUCC (true)…
…

• Enumerating all expressions in the language

 Extremely inefficient!



• Searching only well-typed program

State-of-the-art: Type-directed Search

!25

let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO | SUCC ZERO -> n2 
  | SUCC n1’ -> ?

let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO | SUCC ZERO -> n2 
  | SUCC n1’ -> SUCC ?

let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO | SUCC ZERO -> n2 
  | SUCC n1’ -> (fun x -> ?)

let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO | SUCC ZERO -> n2 
  | SUCC n1’ -> n1

let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO | SUCC ZERO -> n2 
  | SUCC n1’ -> if ? then ? else ?

Hole type : nat

Expression type : 
t' -> t’



• Searching only well-typed program

State-of-the-art: Type-directed Search

!26

let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO | SUCC ZERO -> n2 
  | SUCC n1’ -> ?

let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO | SUCC ZERO -> n2 
  | SUCC n1’ -> SUCC ?

let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO | SUCC ZERO -> n2 
  | SUCC n1’ -> (fun x -> ?)

let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO | SUCC ZERO -> n2 
  | SUCC n1’ -> n1

let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO | SUCC ZERO -> n2 
  | SUCC n1’ -> if ? then ? else ?

Hole type : nat

Expression type : 
t' -> t’

Still inefficient in our cases!



Our Solution

• Component reduction

• Syntactic component reduction

• Variable component reduction

• Pruning with symbolic execution

!27



Technique 1: Syntactic Component Reduction

!28
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Automatic Error Correction for Functional Programming Assignments 1:25

11 | Const n -> Const 0

12 | Var a -> if (a <> x) then Const 0 else Const 1

13 | Power (a, n) -> if (a <> x) then Const 0 else Times [Const n; Power (a, n-1)]

14 | Times l ->

15 begin

16 match l with

17 | [] -> Const 0

18 | hd::tl -> Sum [Times ((diff (hd, x))::tl); Times [hd; diff (Times tl, x)]]

19 end

20 | Sum l -> Sum (List.map (fun e -> diff (e,x)) l)

B LANGUAGE
The full language of F��ML is as follows:

E ::= () | n | x | true | false | str | �x.E | E1 + E2 | E1 � E2 | E1 ⇥ E2 | E1/E2 | E1 mod E2 | �E
| not E | E1 | | E2 | E1 &&E2 | E1 < E2 | E1 > E2 | E1  E2 | E1 � E2 | E1 = E2 | E1<>E2
| E1 E2 | E1::E2 | E1@E2 | E1ˆE2 | raise E | (E1, . . . ,Ek ) | [E1; . . . ;Ek ]
| if E1 E2 E3 | c(E1, . . . ,Ek ) | let x = E1 in E2 | let rec f (x) = E1 in E2
| let x1 = E1 and . . . and xk = Ek in E | let rec f1(x1) = E1 and . . . and fk (xk ) = Ek in E
| match E with p1 ! E1 | · · · | pk ! Ek
| ⇤

� ::= unit | int | bool | string | exn | �1 ! �2 | � list | T | (�1⇤ . . . ⇤�k ) | �
p ::= n | x | true | false | p1 :: p2 | [p1; . . . ;pk ] | (p1, . . . ,p2) | c(p1, . . . ,pk ) | p1 | · · · | pk | _

C FEEDBACK ON A LARGE PROGRAM
F��ML was able to accurately identify and �x the error at line 123 in the following student program
for problem #13 in 3.4 seconds.

1 type aexp =

2 |CONST of int

3 | VAR of string

4 | POWER of string * int

5 | TIMES of aexp list

6 | SUM of aexp list

7
8 type env = (string * int * int) list

9
10 let diff : aexp * string -> aexp

11 = fun (aexp, x) ->

12 let rec deployEnv : env -> int -> aexp list

13 = fun env flag ->

14 match env with

15 | hd::tl ->

16 begin match hd with

17 |(x, c, p) ->

18 if (flag = 0 && c = 0) then deployEnv tl flag

19 else if (x = �const� && flag = 1 && c = 1) then deployEnv tl flag

20 else if (p = 0) then (CONST c)::(deployEnv tl flag)

21 else if (c = 1 && p = 1) then (VAR x)::(deployEnv tl flag)

22 else if (p = 1) then TIMES[CONST c; VAR x]::(deployEnv tl flag)

Proc. ACM Program. Lang., Vol. 1, No. OOPSLA, Article 1. Publication date: January 2018.

Language:

let rec natmul n1 n2 = 
  match n1 with 
  |ZERO -> ZERO 
  | SUCC n1’ -> natadd n2 (natmul n1’ n2)

Solution:

let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO  
  | SUCC ZERO -> n2 
  | SUCC n1’ -> ?

Partial Program: 36 expressions

• Enumerating all expressions is very expensive.



Technique 1: Syntactic Component Reduction
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Automatic Error Correction for Functional Programming Assignments 1:25

11 | Const n -> Const 0

12 | Var a -> if (a <> x) then Const 0 else Const 1

13 | Power (a, n) -> if (a <> x) then Const 0 else Times [Const n; Power (a, n-1)]

14 | Times l ->

15 begin

16 match l with

17 | [] -> Const 0

18 | hd::tl -> Sum [Times ((diff (hd, x))::tl); Times [hd; diff (Times tl, x)]]

19 end

20 | Sum l -> Sum (List.map (fun e -> diff (e,x)) l)

B LANGUAGE
The full language of F��ML is as follows:

E ::= () | n | x | true | false | str | �x.E | E1 + E2 | E1 � E2 | E1 ⇥ E2 | E1/E2 | E1 mod E2 | �E
| not E | E1 | | E2 | E1 &&E2 | E1 < E2 | E1 > E2 | E1  E2 | E1 � E2 | E1 = E2 | E1<>E2
| E1 E2 | E1::E2 | E1@E2 | E1ˆE2 | raise E | (E1, . . . ,Ek ) | [E1; . . . ;Ek ]
| if E1 E2 E3 | c(E1, . . . ,Ek ) | let x = E1 in E2 | let rec f (x) = E1 in E2
| let x1 = E1 and . . . and xk = Ek in E | let rec f1(x1) = E1 and . . . and fk (xk ) = Ek in E
| match E with p1 ! E1 | · · · | pk ! Ek
| ⇤

� ::= unit | int | bool | string | exn | �1 ! �2 | � list | T | (�1⇤ . . . ⇤�k ) | �
p ::= n | x | true | false | p1 :: p2 | [p1; . . . ;pk ] | (p1, . . . ,p2) | c(p1, . . . ,pk ) | p1 | · · · | pk | _

C FEEDBACK ON A LARGE PROGRAM
F��ML was able to accurately identify and �x the error at line 123 in the following student program
for problem #13 in 3.4 seconds.

1 type aexp =

2 |CONST of int

3 | VAR of string

4 | POWER of string * int

5 | TIMES of aexp list

6 | SUM of aexp list

7
8 type env = (string * int * int) list

9
10 let diff : aexp * string -> aexp

11 = fun (aexp, x) ->

12 let rec deployEnv : env -> int -> aexp list

13 = fun env flag ->

14 match env with

15 | hd::tl ->

16 begin match hd with

17 |(x, c, p) ->

18 if (flag = 0 && c = 0) then deployEnv tl flag

19 else if (x = �const� && flag = 1 && c = 1) then deployEnv tl flag

20 else if (p = 0) then (CONST c)::(deployEnv tl flag)

21 else if (c = 1 && p = 1) then (VAR x)::(deployEnv tl flag)

22 else if (p = 1) then TIMES[CONST c; VAR x]::(deployEnv tl flag)

Proc. ACM Program. Lang., Vol. 1, No. OOPSLA, Article 1. Publication date: January 2018.

Language:

let rec natmul n1 n2 = 
  match n1 with 
  |ZERO -> ZERO 
  | SUCC n1’ -> natadd n2 (natmul n1’ n2)

Solution:

let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO  
  | SUCC ZERO -> n2 
  | SUCC n1’ -> ?

Partial Program: 36 expressions

Observation:
Although the implementations are very different,

used components are similar.

• Enumerating all expressions is very expensive.



• Enumerating all expressions is very expensive.

Technique 1: Syntactic Component Reduction

!30
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Automatic Error Correction for Functional Programming Assignments 1:25

11 | Const n -> Const 0

12 | Var a -> if (a <> x) then Const 0 else Const 1

13 | Power (a, n) -> if (a <> x) then Const 0 else Times [Const n; Power (a, n-1)]

14 | Times l ->

15 begin

16 match l with

17 | [] -> Const 0

18 | hd::tl -> Sum [Times ((diff (hd, x))::tl); Times [hd; diff (Times tl, x)]]

19 end

20 | Sum l -> Sum (List.map (fun e -> diff (e,x)) l)

B LANGUAGE
The full language of F��ML is as follows:

E ::= () | n | x | true | false | str | �x.E | E1 + E2 | E1 � E2 | E1 ⇥ E2 | E1/E2 | E1 mod E2 | �E
| not E | E1 | | E2 | E1 &&E2 | E1 < E2 | E1 > E2 | E1  E2 | E1 � E2 | E1 = E2 | E1<>E2
| E1 E2 | E1::E2 | E1@E2 | E1ˆE2 | raise E | (E1, . . . ,Ek ) | [E1; . . . ;Ek ]
| if E1 E2 E3 | c(E1, . . . ,Ek ) | let x = E1 in E2 | let rec f (x) = E1 in E2
| let x1 = E1 and . . . and xk = Ek in E | let rec f1(x1) = E1 and . . . and fk (xk ) = Ek in E
| match E with p1 ! E1 | · · · | pk ! Ek
| ⇤

� ::= unit | int | bool | string | exn | �1 ! �2 | � list | T | (�1⇤ . . . ⇤�k ) | �
p ::= n | x | true | false | p1 :: p2 | [p1; . . . ;pk ] | (p1, . . . ,p2) | c(p1, . . . ,pk ) | p1 | · · · | pk | _

C FEEDBACK ON A LARGE PROGRAM
F��ML was able to accurately identify and �x the error at line 123 in the following student program
for problem #13 in 3.4 seconds.

1 type aexp =

2 |CONST of int

3 | VAR of string

4 | POWER of string * int

5 | TIMES of aexp list

6 | SUM of aexp list

7
8 type env = (string * int * int) list

9
10 let diff : aexp * string -> aexp

11 = fun (aexp, x) ->

12 let rec deployEnv : env -> int -> aexp list

13 = fun env flag ->

14 match env with

15 | hd::tl ->

16 begin match hd with

17 |(x, c, p) ->

18 if (flag = 0 && c = 0) then deployEnv tl flag

19 else if (x = �const� && flag = 1 && c = 1) then deployEnv tl flag

20 else if (p = 0) then (CONST c)::(deployEnv tl flag)

21 else if (c = 1 && p = 1) then (VAR x)::(deployEnv tl flag)

22 else if (p = 1) then TIMES[CONST c; VAR x]::(deployEnv tl flag)

Proc. ACM Program. Lang., Vol. 1, No. OOPSLA, Article 1. Publication date: January 2018.

Language:

let rec natmul n1 n2 = 
  match n1 with 
  |ZERO -> ZERO 
  | SUCC n1’ -> natadd n2 (natmul n1’ n2)

Solution:

let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO  
  | SUCC ZERO -> n2 
  | SUCC n1’ -> ?

Partial Program: 36 expressions

4

Enumerating expressions only used in solution



Technique 2: Variable Component Reduction
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let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO  
  | SUCC ZERO -> n2 
  | SUCC n1’ -> ?

Bound Variable: {natmul, n1, n2, n1’}

Partial Program:
let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO  
  | SUCC ZERO -> n2 
  | SUCC n1’ -> SUCC n1’

let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO  
  | SUCC ZERO -> n2 
  | SUCC n1’ -> n1

Enumeration

• Enumerating all variables generates redundant programs.



• Enumerating all variables generates redundant programs.

Technique 2: Variable Component Reduction

!32

let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO  
  | SUCC ZERO -> n2 
  | SUCC n1’ -> ?

Bound Variable: {natmul, n1, n2, n1’}

Partial Program:
let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO  
  | SUCC ZERO -> n2 
  | SUCC n1’ -> SUCC n1’

let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO  
  | SUCC ZERO -> n2 
  | SUCC n1’ -> n1

Enumeration

Semantically equivalent programs

n1 = SUCC n1’



• Enumerating all variables generates redundant programs.

Technique 2: Variable Component Reduction

!33

let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO  
  | SUCC ZERO -> n2 
  | SUCC n1’ -> ?

Bound Variable: {natmul, n1, n2, n1’}

Partial Program:
let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO  
  | SUCC ZERO -> n2 
  | SUCC n1’ -> SUCC n1’

let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO  
  | SUCC ZERO -> n2 
  | SUCC n1’ -> n1

Enumeration

Data-flow analysis:
n1 can be always expressed with n1' 

n1 = SUCC n1’

Choosing the minimal set of variables through data-flow analysis



• Programs eventually inconsistent with the test cases

Technique 3: Symbolic Execution

!34

let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO  
  | SUCC ZERO -> n2 
  | SUCC n1’ -> SUCC ?

Test cases : 
natmul ZERO (SUCC ZERO) = ZERO 

natmul (SUCC ZERO) (SUCC ZERO) = (SUCC ZERO) 

natmul (SUCC (SUCC (ZERO))) ZERO = ZERO

Partial Program:



• Programs eventually inconsistent with the test cases

Technique 3: Symbolic Execution

!35

let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO  
  | SUCC ZERO -> n2 
  | SUCC n1’ -> SUCC ?

Test cases : 
natmul ZERO (SUCC ZERO) = ZERO 

natmul (SUCC ZERO) (SUCC ZERO) = (SUCC ZERO) 

natmul (SUCC (SUCC (ZERO))) ZERO = ZERO

Partial Program:

Symbolic execution: 
 natmul (SUCC (SUCC (ZERO))) ZERO => (SUCC ?)



• Programs eventually inconsistent with the test cases

Technique 3: Symbolic Execution

!36

let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO  
  | SUCC ZERO -> n2 
  | SUCC n1’ -> SUCC ?

Test cases : 
natmul ZERO (SUCC ZERO) = ZERO 

natmul (SUCC ZERO) (SUCC ZERO) = (SUCC ZERO) 

natmul (SUCC (SUCC (ZERO))) ZERO = ZERO

Partial Program:

Symbolic execution: 
 natmul (SUCC (SUCC (ZERO))) ZERO => (SUCC ?)

SAT (SUCC ? = ZERO) => UNSAT



• Programs eventually inconsistent with the test cases

Technique 3: Symbolic Execution

!37

let rec natmul n1 n2 = 
  match n1 with 
  | ZERO -> ZERO  
  | SUCC ZERO -> n2 
  | SUCC n1’ -> SUCC ?

Test cases : 
natmul ZERO (SUCC ZERO) = ZERO 

natmul (SUCC ZERO) (SUCC ZERO) = (SUCC ZERO) 

natmul (SUCC (SUCC (ZERO))) ZERO = ZERO

Partial Program:

Symbolic execution: 
 natmul (SUCC (SUCC (ZERO))) ZERO => (SUCC ?)

SAT (SUCC ? = ZERO) => UNSAT

Safely pruning the partial programs



Evaluation

• Evaluated on 497 programs written in OCaml with logical 
errors from 13 assignments

• Various task from introductory to advanced (2-154 lines) 
problems

• Conducted user study with 18 students.
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Effectiveness

• Average time: 5.4 sec / Fix rate: 43%

• Generating patches for diverse problems
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Table 1. Performance of F��ML on 497 student submissions. #P reports the number of target programs for
each problem. #T reports the number of testcases used for each problem. LOC reports the number of lines in
submissions averaged over all submissions as well as the LOCs of the smallest and largest submissions. Time
reports average time took for localizing and fixing errors in seconds. Fix Rate reports the ratio of successfully
fixed programs by F��ML.

No Problem Description #P #T LOC Time Fix Rate
(min-max) (#Fix)

1 Filtering elements satisfying a predicate in a list 3 10 6 (6-7) 13.0 100% (3)
2 Finding a maximum element in a list 32 10 8 (4-14) 0.2 100% (32)
3 Mirroring a binary tree 9 10 11 (9-14) 0.1 89% (8)
4 Checking membership in a binary tree 15 17 11 (9-18) 5.2 80% (12)
5 Computing

Õk
i=j f (i) for j, k , and f 23 11 5 (2-9) 4.2 78% (18)

6 Adding and multiplying user-de�ned natural numbers 34 10 20 (13-50) 20.6 59% (20)
7 Finding the number of ways of coin-changes 9 10 21 (6-35) 2.6 44% (4)
8 Composing functions 28 12 7 (3-19) 5.5 43% (12)
9 Implementing a leftist heap using a priority queue 20 13 43 (33-72) 2.6 40% (8)
10 Evaluating expressions and propositional formulas 101 17 32 (17-57) 1.2 39% (39)
11 Adding numbers in user-de�ned number system 14 10 52 (19-138) 7.0 36% (5)
12 Deciding lambda terms are well-formed or not 86 11 30 (13-79) 1.3 26% (22)
13 Di�erentiating algebraic expressions 123 17 36 (14-154) 11.4 25% (31)

Total / Average 497 158 27 (2-154) 5.4 43% (214)

onl, such as programming tasks that manipulate integers or arrays (e.g. reversing numbers, �nding
the kth largest element, etc) [Gulwani et al. 2018; Singh et al. 2013; Wang et al. 2018]. In this paper,
we aim for more sizable programs up to 100 lines of code.

In Table 1, we report the number of incorrect submissions we could collect for each problem
(#P), the number of testcases (#T), (average, smallest, largest) LOCs of the submissions (LOC), the
average time took to generate corrections (including localization), and the ratio of successfully
�xed submissions for each problem with respect to the entire programs (Fix Rate). In Appendix A,
we provide solution programs for each benchmark problem.

Results. The results in Table 1 indicate that F��ML is powerful and capable of �xing logical
errors in real student submissions. In summary, F��ML successfully �xed 214 out of 497 submissions
in 5.4 seconds on average.4 For introductory-level problems (#1–#5), F��ML �xed most (89%, 73/82)
of the submissions in 2.5 seconds on average. For intermediate-level problems (#6–#9), the �x rate
was 48% (44/91) and the average time for �xing was 11.6 seconds. For problems at advanced level
(#10–#13), F��ML was able to correct 30% (97/324) in 4.8 seconds on average. Although the �x rates
decrease in problems at advanced-level, the results are still impressive, considering the size and
complexity of the benchmark programs. For example, F��ML managed to accurately localize and
repair an error in the largest submission (154 lines) presented in Appendix C.

5.2 Helpfulness
To assess how helpful F��ML is for students, we have conducted user study with 18 undergraduate
students who took the Programming Language course taught by the authors.

4We manually checked the correctness of the 214 �xes.

Proc. ACM Program. Lang., Vol. 1, No. OOPSLA, Article 1. Publication date: January 2018.

Introductory
Fix: 89%

Time: 2.5 sec

Intermediate
Fix: 48%

Time: 11.6 sec

Advanced
Fix: 30%

Time: 4.8 sec



Technique Utility

• Only statistical fault localization with enumerative search
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Technique Utility

• Statistical fault localization + type-directed search
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Technique Utility

• Localization + type-directed search + component reduction
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Technique Utility

• Localization + type + component + symbolic execution

• Compare to Type : 579sec vs 65sec (x 8.9 faster)
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160 vs 214 (54 submissions more)



User Study

• Conducted user study with 18 undergraduate students.

• Requested to solve three problems.

• Provide feedback and survey it.
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Helpfulness
Q1. Does the tool generate better corrections?

Q2. Does the feedback help to understand your mistakes?

Q3. Is the tool overall useful in learning functional programming?
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Q1. Does the tool generate better corrections?

Q2. Does the feedback help to understand your mistakes?

Q3. Is the tool overall useful in learning functional programming?
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“Since the tool generates the optimal patch,
we can learn the programming skills from it”



Limitations
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Automatic Diagnosis and Correction of Logical Errors for ... 158:21

reduction remarkably speed up the tool, symbolic execution can still enhance F��ML more. ‘Ours’
repaired 214 submissions while ‘Comp’ corrected 205 submissions. Furthermore, ‘Ours’ took 706
seconds to �x 205 programs in contrast to ‘Comp’ which required 1052 seconds.

Also, the di�erence between ‘Localize’ and ‘Enum’ tells that applying statistical error localization
is useful for accelerating the repair time. ‘Enum’ repaired 113 programs, while ‘Localize’ repaired
118 programs. Furthermore, while ‘Enum’ spent 884 seconds for repairing 113 programs, ‘Localize’
only spent 524 seconds for repairing the same set of the programs. Note that, since our localization
procedure is currently based on simple statistical reasoning, there still exists a lot of room for
improvements. We will discuss more details in Section 5.4

5.4 Discussion 1: Limitations and Future Work
In experiments, a number limitations of F��ML has been identi�ed. Accordingly, we plan to improve
F��ML in the following directions.

Accurate Localization. More accurate error-localization is needed to produce better corrections.
For example, consider the filter function (Problem 1 in Table 1) written by a student:
1 let rec filter pred lst =

2 let rec check l r =

3 match l with

4 | [] -> r | h::t -> if pred h then (check t r)@[h] else check t r

5 in check lst []

The student implemented filter by de�ning a helper function check and invoking it. Function
check has a bug at line 4, where it appends the head (h) at the end of the list. As a result, for
example, filter (fun x -> x mod 2 = 0) [1;2;3;4] produces [4;2], not [2;4]. To �x the
bug, the expression (check t r)@[h] should be replaced by h::(check t r). However, F��ML
pointed the call expression (check lst []) at line 5 as the error location and �xed the error by
replacing the expression by (check (check lst []) []). Although this is a semantically correct
�x, it might not be ideal feedback for students.

Fixing Multiple Errors. Currently, F��ML focuses on �xing programs with a single error loca-
tion. Thus, it fails to produce corrections for the following submission (Problem 11 in Table 1):
1 let rec eval f =

2 match f with

3 | True -> true | False -> false

4 | Not e - > if e = True then false else true

5 | AndAlso (e1, e2) -> if e1 = True && e2 = True then true else false

6 | OrElse (e1, e2) -> if e1 = False && e2 = False then false else true

7 | Imply (e1, e2) -> if e1 = True && e2 = False then false else true | ...

where eval takes a propositional formula f and intends to evaluate its truth value using recursion.
However, the implementation is buggy as it consistently missing recursive calls in all necessary
places; the expressions True, False, e, e1, and e2 at lines 4–7 must be replaced by true, false,
eval e, eval e1, and eval e2, respectively. We plan to enable F��ML to iteratively �x similar
bugs in multiple locations.

Automatic Testcase Generation. To improve usefulness, we realized that F��ML should be
combined with automatic testcase generation, as its e�ectiveness depends on the quality of given
testcases. For example, consider the function sigma (Problem 5 in Table 1) written by a student:
1 let rec sigma f a b =

2 if f a != f b then f b + sigma f a (b-1) else f b

Proc. ACM Program. Lang., Vol. 2, No. OOPSLA, Article 158. Publication date: November 2018.

Buggy implementation:

• Multiple Errors

• Dependence on test cases
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Test cases : 

(fun x-> x * x) 1 3 => 14 

(fun x-> x + x) 1 3 => 12 

(fun x-> (x*x)+x) 3 6 => 104 

(fun x -> x mod 3) 1 5 => 6 Feedback: replace (f a != f b) by (a != b)

Buggy implementation:



Summary

• The first system to provide personalized feedback of logical 
errors for functional programming assignments

• Code and our data: https://github.com/kupl/FixML 

• Tool usage: https://tryml.kroea.ac.kr
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Thank you for listening!


