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I--C (IaC) g,   , O,  P,   vg
g   .Ty  IaC fi    q , g
  bb   ,     by  b  yg  
 w    . D  ,    y  v  : 
w gy g    IaC g    IaC g v. Exg 
 y  y w   gg  x      x,
vg  gfi by g.

W  EMIaC,   g w  IaC g. EMIaC fi 
  g-b   IaC g   v  x  
g   g. A  vy     e-grphs  w g,  b 
- g   qv . E-g y  g qv, bg
 y g  g   qv IaC g.  g  , w yz
43,593 -w  g  w  IaC y g  yy   ,
g -g   fi.

Evg EMIaC  P, ,  O, w w    xg  
by xg g-    vg 98 vy      1,313
 P. EMIaC  v vy w      , vg  qy.
T   v b g  ’  b,  P  g  fi fix.

CCS C: • Sofware and its engineering → Sofware testing and debugging; Forml mehods.

A Ky W  P: Sw g, I  C, E-G

ACM Reerence Format:
Dv S, Gg Z, D A, M Bg, R M,  G Sv.
2026. M g  I--C Eg. Proc. ACM Progrm. Lng. 10, OOPSLA1,
A 118 (A 2026), 29 g. ://.g/10.1145/3798226

1 Introduction
T w    g    gy x  v,
w v  fig    gfi y, vby,  -
 [21, 45, 74]. I  C (IaC)  g    g  gg

A’ C I: Dv S, v.@g., Uvy  S. G, S. G, Swz;
Gg Z, gg.z@g., Uvy  S. G, S. G, Swz; D A, Uvy 
Z, Z, Swz; M Bg, .bg@{g,}., Uvy  S. G  Uvà 
Svzz , S. G/Lg, Swz; R M, .@.., , T, Swz;
G Sv, g.v@g., Uvy  S. G, S. G, Swz.

T w     Cv C Ab 4.0 I L.
© 2026 Cyg  by  w/().
ACM 2475-1421/2026/4-AR118
://.g/10.1145/3798226
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 v, wg v  fi     . A  ,
 fi g g  w-b w y  ff 
 w, g, .g., v   bg fixg, gy yg  
  . IaC g   P [72],  [33],  O [53] 
 , g,     b   fi.

W IaC g v by  g   ,  
  g   , -  . Ty  w  providers,
w  -fi g b  g w  API  v 
v v, .g., Az Wb Sv (AWS). T    IaC g  -
 y   -g . I ,  v   
 q  v, ,      v . A g
IaC g  z  v,   w b    g  by .
T,  bg   g g   v, y g 
y     ffg  w  g   y.
I y, IaC g v b    I ,   
 b g  bg  v  y     w .
T  b  b     resource grph. A IaC g

    g w   , .g.,  v ,  b,  
g b,  g  , .g.,  b  b    VM. T
g   g     y:   g  
,    g         by  w g 
   q  , ,       .
C     : v    g , v, 
 g,      g   y.
S gy     . R-w   ’  

 w     [29, 30]. I  ,  g    y
   g w  y  (  cree_beore_desroy) w b
w  v, g y   v g   y x [29]. I
 ,  g     y y g bw , vg
    fi [30]. S       w   
fi  v b    y v, g b fig.
B x      g b   g  gg 
v  g  b   . Ev w, bg  IaC g y
   , b  b v    g [12, 31]. F x, 
g g y     bg   y, vg  y;  g
 y y    g;    ff y v  .
I    ,  y y   , g    wg,
w vg        . S    
vy by  by  v    IaC   fi .

I y, g  by  IaC g  , b gg  w 
. F,  orcle problem [3]:   gv IaC g   y  g-
    g, y    w  v
. S,    q g w   v, w  w,
y, fly [54],    .

I  , w   g w EMIaC,  y , -g -
w  IaC g   y   g. W    b
g memorphic esing [10], w x  bw  x  v
g bv w yg   v, g-x . Sfiy, 

P. ACM Pg. Lg., V. 10, N. OOPSLA1, A 118. Pb : A 2026.
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 vg  g q  IaC g y, w y -vg
   q  vy   g q  IaC g vg
    g w x    . I w y qv -
q  vg y   bg  . Ay, w   g
 y  x by g    v     w
vg x  API. T g    b  IaC g  g
w...  v :  by        g, 
   w-v API . A  ,  v    g  g
g  w g    fl    x.
w g   EMIaC b   g. F, w   

Inermedie Represenion (IR)  bg  g   . T
IR    g-v —dd, remove, connec,  disconnec—w 
    g       w w w   b
 g y. By bg wy  yx  v fi, 
IR w    b IaC g y w  bg b   g
b   IaC g b  P,   O. S, w 
e-grphs [50],     y  g   qv g. N
y   v   qv , .., w g      qv 
  y  y    g, b    v   w  g,
g wy ff qv v     w . O  g 
        semnic equivlence o progrms. Eqv   
    g, b  q   g   z
 v   gv   w    b-/-g .
Gv  g  ,   fiy y g   qv w...  
g. T     b   v, bg   g v
qv v   g  w g  vg.

Cy, IaC g  : y     g  y
   y.    bv, EMIaC x  qv v
   IR g, g   b  y vv  g. E
    g   g   y. T y-w
g b v   q    ff   .
W v EMIaC     j - IaC g, P, , 

O [22]. O y v 43,593 b IaC g  7,283 , vg
   g  , w,  . W    ffv 
 IR by wg  EMIaC  -g. EMIaC  ffi   by vg
98 vy      1,313  P. M y gg
 y g,  EMIaC     xg  . EMIaC 
y   :  g         b
   y v  g   ,  P fix  fi 
  . Fy, EMIaC g     b wg ,
vg g vy   . A  b  g  ,  vy 
EMIaC-g   y g, gg       g
by  b .

Conribuions. T    wg b:

(1) W   fi g w  IaC g, g   b v
 qv v  g.

P. ACM Pg. Lg., V. 10, N. OOPSLA1, A 118. Pb : A 2026.
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(2) W     e-grphs  equliy surion  w g   g
qv  y g  .

(3) W g  IR    w g  g, IaC, 
-g. T IR  w xg -  g 
 w   j IaC g.

(4) W v  fi  z  -w IaC  g by yzg
b IaC g   g vb .

(5) W   q    EMIaC  v    j IaC g,
g    ffi   by vg 98 vy 
    1,313  P, g    by xg
,  g   w    g    
fi fix  P.

2 Bckground
I  , w   y  b  g, I  C,
 -g  w b       .

2.1 Metmorphic Testing
A  g  w g   orcle problem [3]: gg  , 
bv  y  bv b   . I y , g
 b   y, -g,  v b. Memorphic esing (M), fi
  1998 [10],   g.T y  M   g  
bw       b v g    v 
y  b. Memorphic relions (MR) z    b (1) g
xg source    w ollow-up  ,  (2) vg  g bv
w  v . Fwg C  . [10],  MR  fi  w:

Definiion 2.1 (Metamorphic Relation). L  b  y  ,  ℐ   b 
   vy. T  Memorphic Relion (ℳℛ)   y   vy
  1, … ,    ℐ1, … ,    1, … ,  }.

A ℳℛ  b           ℐ ,    
   w:  y bv    gg wv     . Gv  
 ℐ      1, w  b gv  g, 1    
w-  2 g    [1]:

Definiion 2.2 (Metamorphic Transformation). Gv ℐ, 1, 2,    .
T     b  Memorphic (Inpu) rnsormion wv 1 −−→ 2 fi ℐ.
M   g     by yg   

 w- . My    b  qy 
  g      w-   [56].

Exmple. A  x  M  g   . I   g  g
  b, w    g y sin = sin −    ℳℛ. I ,ℐ = {,  −  ∶  ∈ ℝ}    qy. T   w fi 
MR  y 1 −−→  − 1. T, M b  g w  x .

P. ACM Pg. Lg., V. 10, N. OOPSLA1, A 118. Pb : A 2026.
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Fig. 1. Deploymen worklow o n IaC progrm nd he key componens o n IaC engine.

2.2 Infrstructure s Code
IaC   g  vg     g  
y v  -b    . T    w   v-
b IaC g, w  v, ,    . T 
w fig-b IaC ,   Ab, P,  C, w  y  
  g w w  y xg  [19]. yy, v-
b IaC g  w     AWS. T   v-b
IaC g  P [72], O [53],  [33],  AWS CF [63].

IaC g w IaC g  y  g se   y   v
wy. A fig-b g   v-b  (.g., ) y 
fig (.g., JSON)  -fi gg (.g., HCL    YAML 
Ab)   fi  IaC g. O   , P, AWS C Dv
K (CDK) [62],  CDK   (CDKF) [32] w v  y IaC g
g g- gg gg [65].

IC Deploymen Workflow. T y y wflw   IaC g   Fg 1.
A IC Progrm vy fi    . T Prser  
g       by  Core. W  , 
Grph Builder   resource grph:  y g   . T Differ 
    w    , yy    Se File,
     g. B   ,  Execuor  y-g
       g .  y  g,  
 w Provider Plugins, w         
v  API. T v  b  g  b   
API    g v. A x,  Se Mnger    fi 
fl  w  . W     AWS    ,
v y  g     v    y.

1 provider "aws" { region = "us-east-1" }

2 resource "aws_s3_bucket" "photo_bucket" {

3 bucket = "sample-photo-app-images" }

4 resource "aws_s3_object" "welcome_file" {

5 bucket = aws_s3_bucket.photo_bucket.id

6 key = "welcome.txt"

7 content = "Welcome!" }

Lising 1. Terrorm exmple or  phoo-shring
pp: n S3 bucke wih n iniil objec.

Exmple. S 2.2 w   IaC -
g  v  g v   -
g . I bg w  provider b
 fig  g  b us−es−1. Nx,
 IaC g   ws_s3_bucke 
 phoo_bucke,  Az S3 b   -
 g. Nx,    ws_s3_objec -
  welcome_ile,     b
w fi   bj  b  
 S3 b. T bj  z w  y
welcome.x    x “W!”

P. ACM Pg. Lg., V. 10, N. OOPSLA1, A 118. Pb : A 2026.
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W x,   b   g w w ,    , w
 g  phoo_bucke  welcome_ile. I   fi  y,  ff   b
   b . T x  v  AWS v    S3 b
   bj  . Fy,   fi   w  v fig  
x  b , vg    g  y.
T x   y b  y g  v-b IaC

g: (1) v     ; (2)      g-v,
v ; (3)     ;  (4)  y  
  b b   y.

2.3 E-Grphs
T -g [50]   -  ffiy   qy    flxv, y-
, v,  g      q. I  b  y  y
     vg [18], SM vg [16],  z [39],
 g y [49]. I ff w : (1) find,  v  qv  
 gv x,  (2) merge,   union,  g w qv 
  g . w x  q  y v   qv ,  w
x  b  q by gg  qv . T -g   g w
w   : (1) -, g qv ,  (2) -, g
x. E-g v  w   g: (1) –, g b  
qv ,  (2) – g g.

 
add

add
remove∅a

Fig. 2. The e-grph genered rom: ∅=removea, ∅
nd removea, adda, ∅ = ∅. E-clsses re circles
nd e-nodes re mulicell recngles.

E-grph exmple. Fg 2 w  -g
b   w q ∅ = removea, ∅
 removea, adda, ∅ = ∅. Ex 
w   g    y-
b, .g. a  ∅,   , .g.,
adda, ∅  removea, ∅. E-  -
   b w G 
 - g  g w
fi    fi  g  
. A - bg   - w

 w   by  g. F x, ∅ bg      ∅ = . W 
g   -      -,  x b by g   w
y - bgg   -  q. F x,  w x adda, ∅ 
adda, removea, ∅  q  b ∅  removea, ∅ bg  , .., g  
w x   - add ,    v x. W  y  w
-   -  q,  ∅  removea, ∅  q  y b bg  . I
 x,  -g   qv : , ,  . T qv    
fi b  x, y , w b      fi b  x.

Equliy Surion. I Fg 2,   add  remove  uninerpreed  g  b
 b  fi b  q.  v  g   
   -g w y sure  -g w    w  [71]. F
x, g  -g  Fg 2 w   add, add ,  → add , add, 
   : (1) e-mching [15], w   -g   x
g  --  b bg   vb , ,  ; (2) rewriing, w
  bg   g--  b  w x,  (3) merging, w
q  wy  x   . Cy, vb   w   b

P. ACM Pg. Lg., V. 10, N. OOPSLA1, A 118. Pb : A 2026.



Memorphic Tesing or Inrsrucure-s-Code Engines 118:7

 -   -,  ffvy   g (y fi)   w
  . W   y vg,   z bg [75]   
.   b   wg, w   fi  y ffiy -g  g.
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(b) Resource grphs fer ollow-up es cse.
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Fig. 3. Terrorm’s resource grphs fer he execuion o source (Figure 3) nd ollow-up es cses (Figure 3b).
The resource grphs in he dshed boxes re differen, violing he MR hence killing he Terrorm mun.

3 EMIaC in  Nutshell
W w   x   w EMIaC v b bg  IaC g.
W   mun     , ..,  v   w  
y g  b       y v (S 6.4).
M y      qy ( qy)    , w   by
 b      [17], ..,  b    w    
 g x. Sfiy,     jg  g brek   
1. Ag  g  ,     flw, g  y g 
bv y   . EMIaC  b  v  bg (   ),
w  ffi     .

Fg 3 w   g    w xg    
(Fg 3)   w-   (Fg 3b). EMIaC y g  source es cse
  IR, w      IaC g (   Fg 3). T   
fi   (r0, r1,  r2), w  y (r1   r2). A xg 
g  IaC g   y ,  IaC g   
g w    bx   g-   Fg 3.

T, EMIaC            g 
-g, gg  w-     y qv     . I
,  w-      IR w fiv  w   g- 
 Fg 3b. T w-      w...   , y r3,
w   r1  r2 (L 2). Hwv, L 4 v  y,  L 5 
  ; ,  w-   qv    .
 x       IaC g, g  Dff (Fg 1), EMIaC

v  w-   w  ( b). T fi b   IR w  
w   -   Fg 3b, w   b   w w-   
g- . A IaC g  , y  b b     
     g. B b    IaC g;  fi b
   g     Fg 3b (bx w   ). T,  w
1I ,  b    wg   : ://gb.///bb/
330719b084221777743597b4448///.g#L362

P. ACM Pg. Lg., V. 10, N. OOPSLA1, A 118. Pb : A 2026.
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w-     x. I  ,  IaC g fi    
ff bw        fi    v  
w- . T x  (..,    )    IaC g 
   g     (.., qv),      qv  
w-  (..,    ℐ    qv ). Hwv,  w 
Fg 3,      bx ff:  r3     Fg 3b.

T y v  bg   IaC g, ffvy g  ;   
q x vg   x v . Nx, w b w 
 g   w-   g -g.

4 Approch
I  , w b  EMIaC’    IaC g. W b  g 
g      g  EMIaC. T, w v  vvw  EMIaC 
   .

4.1 Design Gols nd Key Insights
Gol 1: Uniying heoreicl rmework or memorphic esing o IaC. B gg -

gg   g (S 2.1) ff  w   w. W
w  y  EMIaC, w q bgg  g bw  w w.
Key insight: Intermediate Representation (IR). A IaC g    g.
Agy, w fi  IR  g   b     S 4.3.2.
T b   fi  y y    g,  g,
 -g  S 4.6, w       q y v g
x, w w x        (S 4.4).

A   ff  g  IR     IaC g-g: EMIaC g vy
y v-b IaC g g      ff gg gg 
ff   . W    g  gg, .g., HCL  Py (S 4.3).

Gol 2: Diverse ess rom he ge-go. y,  g w  q y
     g. I   ,   y,
    ,   ff w-  g. E  w y
  g, gy vg  wy   g   v  . I
, EMIaC  vy   vy bgg by xg qv 
  -g. F x,  g    w  
  ×  =  × ,  + 0 = ,  × 1 = ,   +  ×  =  ×  +  × ;  
    x      w- g  b  .
Gv  x 5   g  , w   w-  5× 1+5×0 by g
  x  . O g   g  w-  .
Key insight: Semantics-driven generation through random e-graph walks. W v 
g by g   g   g  g. I  x,  g
g   g  qv x    ⋅ + ⋅,    
  g, g  x    ⋅ × ⋅ + ⋅ × ⋅,  g  
      x. T  -g,  w- g  b by y
wg  g, vg  g ffiy (S 4.4).

Gol 3: Fs generion o diverse ess.  g  b ffiy  by wg 
-g. Hwv,  -g  fi b . O g   z  .
Key insight: Eager e-graph saturation and caching. A w w   S 4.4.2, 
       -g . T y g    
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   w. Py,   b  fi   IaC g. T
IR  fi by  wg y  w  fi g v   . ∶∶= empty | add   | rem   | con    | disc   
T empy x   y  g, dd x g     

 g  w rem x vg   (   -  -g). con x
g  g     w disc x vg   g. Ay g  =  , 
w   g     g   xg    g  ⊆  × 
 b y x g L⋅M ∶  ×  →  fi bw:

L∅, ∅M = empty

L , M =  ,  = max 
L ,  ⊎ {, }M = con n m G L ,∅M =   = max

L ⊎ {}, ∅M = add n G
IR x  b v  g g J⋅K ∶  ⇀  ×  fi  w:

JemptyK = ∅, ∅ JK =  , 
Jadd  K =  ∪ {}, 

JK =  ,   ∈ 
Jrem  K =  ∖ {},  ∖ {,  ∶  ∈  } ∪ {,  ∶  ∈  }

JK =  ,  ,  ∈ 
Jcon   K =  ,  ∪ {, } JK =  ,  ,  ∈ 

Jdisc   K =  ,  ∖ {, }
T y v     g JK =  ,   w  IR    ⊆  ×. A

 v g  J⋅K w , wv   fi,  v . Mv,
  g y  w by   J⋅K   -v  L⋅M. T     -v 
  b J⋅K   jv. F x, Jadd  add  emptyK = Jadd  emptyK.

S J⋅K   -, w fi well-ormed x   x   w
JK  w-fi.
4.3.3 Transpiler.  y  IaC gw   IR,   b    gg
 by  IaC g. T   by g  IR g   
 S 4.3.2, g  g,  g     DAG. T vy    g 
    fi   vy g bw w    
 y . Cy, w     v     -ff.

4.4 Metmorphic Trnsformtion vi E-Grphs
A    EMIaC   -g  y   . (1) I z  w
 w   g, (2)       ffiy   w g
    g, (3)  ffiy  qv   IR g,
, (4)  w ffi x  qv IR g. I  x  w b 
    fiy w y fi     .

4.4.1 Rewrite Rules.  fi   , w g  y w -
b q bw w- x w y v    g 
J⋅K. F vy qy  =  w   w w   →    → . Rw
  gy qfi, .g.,  w  ∀ , . add   →   vy -
  add.   xvy,   b , .g.,   ∀1, 2, . 1 ≠ 2 ⇒rem 1 add 2  → add 2 rem 1  w wg     v  y
w   bg   v   q. I  wg,   -
  bg j   q      y y-y,
..    y      g x.

P. ACM Pg. Lg., V. 10, N. OOPSLA1, A 118. Pb : A 2026.
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I  wg w y qy v   , 1, 2, 3, 4   g .
Idempoen. T   w   :add  add   ≡ add  con 1 2 con 1 2  ≡ con 1 2  disc 1 2 disc 1 2  ≡ disc 1 2 
Inverse. w   w    v  :rem  add  empty ≡ emptydisc 1 2 con 1 2 add 1 add 2 empty ≡ add 1 add 2 empty
Commuive. F   w    v:add 1 add 2  ≡ add 2 add 1  1 ≠ 2 ⇒ rem 1 rem 2  ≡ rem 2 rem 1 con 1 2 con 3 4  ≡ con 3 4 con 1 2 disc 1 2 disc 3 4  ≡ disc 3 4 disc 1 2 
Commue. T x   w w  :1 ≠ 2 ⇒ add 1 rem 2  ≡ rem 2 add 1 1 ≠ 2 ∧ 1 ≠ 3 ⇒ add 1 con 2 3  ≡ con 2 3 add 1 1 ≠ 2 ∧ 1 ≠ 3 ⇒ rem 1 con 2 3  ≡ con 2 3 rem 1 1 ≠ 2 ∧ 1 ≠ 3 ⇒ add 1 disc 2 3  ≡ disc 2 3 add 1 1 ≠ 2 ∧ 1 ≠ 3 ⇒ rem 1 disc 2 3  ≡ disc 2 3 rem 1 1 ≠ 3 ∧ 2 ≠ 4 ⇒ con 1 2 disc 3 4  ≡ disc 3 4 con 1 2 
Righ-Absorpion. Sx   w     b :rem 1 con 1 2  ≡ rem 1  rem 2 con 1 2  ≡ rem 2 rem 1 disc 1 2  ≡ rem 1  rem 2 disc 1 2  ≡ rem 2 con 1 2 disc 1 2  ≡ con 1 2  disc 1 2 con 1 2  ≡ disc 1 2 
Lef-Absorpion. F   w     b :add 1 con 1 2  ≡ con 1 2  add 2 con 1 2  ≡ con 1 2 add 1 disc 1 2  ≡ disc 1 2  add 2 disc 1 2  ≡ disc 1 2 
T y  g  v w-     y  

 w- x. F x,  g    rem  g rem  rem     w-, .. Jrem  rem  K  fi.
Mv,  y    :     qy   y

  g  x ,  gv w x    
 g w  wy y  q      . Fy:

Lemma 4.1 (Soundness). Given well-ormed expressions 1 nd 2, i 1 ≡ 2 hen J1K = J2K.
Proof Sketch. By    ≡. T z    [68]. 
Lemma 4.2 (Completeness). Given well-ormed expressions 1 nd +1 such h J1K = J+1K

hen here exiss 2, ⋯ ,  such h  ≡ +1 or every 1 ≤  ≤  + 1.
Proof Sketch. Evy g  b w    :  v/

 b  x  g / w v ,     b
 w  empty  ,    v w  , 
v           . By vy  ≡ 
L 4.1      bg bw 1  +1. T z    [68]. 

P. ACM Pg. Lg., V. 10, N. OOPSLA1, A 118. Pb : A 2026.
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Fig. 5. Wlking he e-grph long he ph 1–7 sring rom he e-clss  o resource grphs conining only
he resource b produces he progrm: (rem a (add b (add a empty)))

F g,   : w   -g y g w x 
 ff  g. C v vy:   qv EMIaC
v,   v    w   x .

4.4.2 Rewrite Engine, Saturation, and E-Graph Caching.  y    w 
 -g  g. T   w e-mching [15] w   g
 -g           fi g  qfi vb.
Sbg  g       w      q
  -g. Surion vv y -g  bg v    
 w q  v.

I g,    . T  w w -  v  vy
. B  EMIaC  b    b    b  b
 g  . By , w  -   x 
    g.T b  b  -   -g,  
  b  -,  b  b  g. Nv   b  
b  g, 22   , w   g    . T, v
g  vy vg  EMIaC,  y v  –  by  
g  w y     . H,   ,   
by    by  b  -.

W      fix  ,    wy -g   -g.
T, g  -g  b    v  . O g w
 z by   b   b  . T w  
g -g     w  . A  ,   xv -g
  v g g.

4.4.3 Extraction from the E-Graph.  g  w     -g. W
 by bg  v -g v g  x   IR x 
  w. Gv   g, w x  IR x by vg  -
g   x. O  -  , w    -  
-     - g,      -  empy. S 
w    Fg 5.

A,  w g x     g  gy v  
  g, ..  g  empy -,  . O   x,  
y wg  -g, w  wy w    w empy. W 
g  x,  y  g v    x, .. 
y  v     w empy. EMIaC   -g 
 Ag 1 w   w by yg      g  w
empy  vg    -g. I   by g  -g   

P. ACM Pg. Lg., V. 10, N. OOPSLA1, A 118. Pb : A 2026.
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g w  g wg by 1,  g   Dj - g 
bby     v  vg v . T bb    14
  -  v w bby ,   - w  v by
g   0,   v  w  v by g    1. I  wg w
b  g   .

Algorithm 1: E-G Fg
input :G – T -g  x . – T bby   wg 

 .
output :P – A -g   b w 

 x.
1 P ← M.y()
2 y_← G.find(empty)
3 P[y_] = { empy }
4 visied = { y_ }
5 queue = [ y_ ]
6 while |queue| > 0 do
7 eclss ← queue.pop()
8 or enode ∈ G.ref_to(eclss) do
9 ← G.find(enode)

10 i pren ∈ visied then
11 continue

12 P[]← P[] ∪ {enode }
13 queue.push(pren)
14 i rand01() < 1 −  then
15 visied ← visied ∪ {  }

 y  v -, w  
 -  empy, g    g-
  g y  empy -. T
-      q  -
wg g ( 2— 5). A g 
 q  -y, w y 
 -  . F   -, w
  -     bg
  -y  - ( 11). T
-     ’  
( 12),   g - 
q   g ( 13). I-
y, w   y  
-  v,  g  w -
 vy. I, w    
    v ( 14).
Fy, wg  -g g by

Ag 1 y   Fg 5  ffi
 g v y  g x.
W    Ag 1 y  
 ()  -g   bby
,   b   vy      g.

4.4.4 Batching.     bv  v-b IaC g w  y
 g  . W   by yg  g  g  b.
F x,   g (con  b (dd c (dd  (dd b empy))) ). W y    
wg  b: fi (dd b empy),  (dd  (dd b empy)),     g.
C  b  w g  g.  b yb,  IaC g’ 

g  b  DAG. Ev g   g   DAG,  b   b y.
F x,  g ( disc  b (con  b (con b  empy)))   DAG, y     
w b   disc ,   fi b   y   b y.
   w  y b w v vg - w g

 g   y. I , w   by vg y g  v bg
   -g by yg     S 4.4.1    (con  b g)

by g     < b g   -    .
T,  w w P  g  g,   g  g  g  y

 g w DAG.

4.5 Test Execution nd Orcles
 v    EMIaC, w g   g    . S
wg  -g   -y    y zb, EMIaC  g
   . Mv,  g  b b  . I  b   
      b,  g   ⋅  g   b   

P. ACM Pg. Lg., V. 10, N. OOPSLA1, A 118. Pb : A 2026.
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 v w bg. Fy,    ⋅  g    w  , w
w  ,  yg   b qy, by g   g.
E    g g by   x    qy g

  g    , ..,     b bx  Fg 4. T 
 g   g   g b y   
. I         g  by   b   
. Cy, g  qv   g  no g .
F x,  y    g AWS S3 b       y
   g AWS EC2 . T  g qy  bw w g 
 by g  qy   w     w g . Fy,  bg  
w  qy     b q  xb   bg w.

4.6 Formlism
I   w  EMIaC y   w  fi  S 2.1.
L  b      g  0 ∈  b  y  g. L  b 

   g  by   IaC y g   1 ∶  ×  → , 
  y  g     xg  g. W   y
g  correc, ..          . Fy, w  w 
gv     ∶  → ,   fi: 1 , 0 = JK. T y  
 fi  w:

Definiion 4.3. T y      ∗ ∶ ∗ →   y  q  IR
g  : ∗∅ = 0  ∗1, ⋯ , , +1 = 1 +1, ∗1, ⋯ , 

 fi  ℳℛw fi   ℐℛ   ℛ. w q   IR g   ℐℛ  y   y    g
  fi g g   y y, ..,  ℐℛ{1, ⋯ , }, {′1, ⋯ , ′}
wv JK = J′K  ℛ  g qy.  fi     w
q  fi  -g w w   [77]:

Definiion 4.4. A -g ℰ    , ,   : (1)      -, (2)   
  -,  (3)  ∶  →      g - b g.
E-  w   by fi , ..,  ⊆   -   w fi
      b Σ w   y   g  
-, ..,  ⊆ ⋃ ∈Σ{ } ×   ( ) .

 y,   = {1, … , } b       Σ = {empty} ∪ {add, rem} ×  ∪{con, disc}×2. A yb  Σ v y 1 x empty, w  y 0. By b  ,
vy g   IR, x  empy,  b w    w  ∈ Σ    
g,  x add r1 empty  b w  add, r1empty w add, r1 ∈ Σ. I 
wg w fi fi w  fi  -   x w [⋅], w w   fi
 qv  ≡ℰ v ,   fi   -g.

Definiion 4.5. I  = empty  [] = empty, w   =  ′  [] =  [′].
Definiion 4.6. Gv w IR g 1  2,  1 ≡ℰ 2 ff [1] = [2].
Definiion 4.7. A -g ℰ   w...  q y  wv 1, 2 ∈ ∗

 1 ≡ℰ 2 w ∗   flxv, y, v,  g   .
W   -g w...  q y  S 4.4.1. T  L 4.1, w[1] = [2], .. 1 ≡ℰ 2,  J1K = J2K. Nw w fi     

P. ACM Pg. Lg., V. 10, N. OOPSLA1, A 118. Pb : A 2026.
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 gv  q  IR g    w q  g. T 
 fi  w :   w (S 4.4.3)   b (S 4.4.4). F, w fi ∶  →  w   -   (by fi)    IR g  :

Definiion 4.8. L  b  IR g   b  -. I  = empty   ∈  ffempty = . Ow   =  ′   ∈  ff ′ ∈ [′]   [′] = .
T b   IR g   w  v  y  g  

b    g. W fi ℎ ∶  → ∗  g  b bg:
Definiion 4.9. ℎempty = {empty}  ℎ  = ℎ ∪ ℎ ∖ {} × { }.
Fy, w  fi      w:

Definiion 4.10. 1, ⋯ ,  −−→ ′1, ⋯ , ′ ff ∃″ ∈ [], ′1, ⋯ , ′ ∈ ℎ″.
W      w   wg w .
heorem 4.11 (Metamorphic Relation). ∗, ℐ, nd  sisy Definiion 2.1

Proof Sketch. L 0 = {1, … , }  1 = {′1, … , ′} b gv. T y  ∶ℐ0, 1  by fi JK = J′K. By fi  ∗: ∗0 = 1, ∗1, … , −1.
By    1: ∗0 = 1 , 0. By    : ∗0 = JK. By 
 g ∗1 = J′K. By fi      w  ∗0, ∗1. 

heorem 4.12 (Metamorphic ransformation). ℐ nd  sisy Definiion 2.2

Proof Sketch. A  1, ⋯ ,  −−→ ′1, ⋯ , ′   x ″ ∈ [] ′1, … , ′ ∈ ℎ″. By  fi  ℎ: ′ = ″  ′ ∈ []. By   ’ y  w   vy  ∈   [] = . T [] = [′]. By L 4.1
 Dfi 4.7  JK = J′K  ℐ{1, ⋯ , }, {′1, ⋯ , ′}. 

5 Implementtion
W  EMIaC y  R. T   b 2,900   
g . A y     -g w    . O
   bg   by egg [75]. Hwv,  w 
 by egg      S 4.4.1: w egg’ -  -
 -g,  y  j  q   j  q.
W   y b  v q  q by bg  [77], 
w fl  z   -g     .

Sg   gwg. T rndom grph generor  grph compror (
Fg 4)  w  Py   q w  100   . Ex  
g IaC g   v  v IaC  CLI (.g., errorm pply).

6 Experimentl Evlution
I  , w   wg  q:
R1 (Characterization o Resource Graphs): Wh is he srucure o he resource grphs derived
rom rel-world IaC progrms?
R2 (Generalizability): Does EMIaC generlize o differen IaC engines?
R3 (Coverage Comparison): How does he code coverge chieved by EMIaC compre o h o
he officil es suies o errorm nd Pulumi?
R4 (Mutation Analysis): How effecive is EMIaC in deecing bugs in IaC engines, s mesured by
muion esing?

P. ACM Pg. Lg., V. 10, N. OOPSLA1, A 118. Pb : A 2026.



118:16 Dvid Spielmnn, George Zkhour, Dominik Arnold, Mteo Bigiol, Rolnd Meier, nd Guido Slvneschi

R5 (Test Qality): How does he e-grph influence he quliy o ollow-up ess compred o 
bseline rewriing-bsed pproch?

6.1 Chrcteriztion of Resource Grphs (R1)
Ug  z    IaC  g    vg IaC g, 
 g     g   x  g. W 
 fi g-  y   g v  -w IaC g. O
y b g    z, y, vy,  . T 
 g   vg b   gg g   IaC g.

Procedure.  w R1, w yz  g x    b 
 DS  [5], w gy  279,344 IaC g  62,406 GHb
. W   wg fig   DS: (1) w v w x
 — w   14,000    g g   w
v 26,000 g—  g ;23 (2) w x 2,329 v ,
  j  y   vy  IaC g;  (3) w x
52,792  w    Jy 1, 2024,    y  j. A
 ,    7,283  w 43,593 IaC g.

A  g w -w IaC g   x   g. I ,
 g  b by g CLI     pln  pply. B 
q  y fig v w   v, v , 
b  w,    x  . Ag  v 
 b,  g pln  pply  w  y   .  v  v,
w    y. Sfiy, w y Cv [9],  -  yz
 IaC g. Cv y   g  y  
 g w yg  g w  v. W  Cv’
y  x   x   g   -b . W x
Cv     43,593 IaC g    g  g.

Merics. W   number o nodes ()   number o edges ()
  g. W  vy g  mximum in-degree, ..,  g b
 g   y . Sy,  mximum ou-degree fl w y
     gv . Dy   qfi by  longes ph lengh,
g  g      b  qy. Ov vy
 b by  grph densiy, fi    g w     g  = ||/2(| |2 ), w     x b  b  g
w -, yg  x y  0.5. Fy, w   % o isoled nodes, ..,
 w y    yy b   . W ggg 
      v : , x, , ,
 v,   95 .

Resuls. b 1 z      43,593 IaC g  7,283
. O y w  -w IaC  g  gy   .
Pg fi  vg  11   9 g, w   5  2, vy. M
 xb w vy:   -g  1,  25%    . T
vg x -g  2.8, b      339 g g. R
g  w, w   g  g  1,  , w   y  0.1.
2://gb./zw
3://gb./Az

P. ACM Pg. Lg., V. 10, N. OOPSLA1, A 118. Pb : A 2026.
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Tble 1. Summry sisics o IaC progrms in TerrDS [5].

Metric min max mean median std dev 95%ile

Nb   1 801 10.9 5 21.9 40
Nb  g 0 1,172 8.9 2 23.7 40
Mx -g 0 339 2.8 1 5.4 11
Mx -g 0 51 1.6 1 1.9 5
Lg  g 0 23 1.5 1 1.6 5
G y 0 0.5 0.1 0.05 0.2 0.5
%   0% 100% 40% 25% 40% 100%

R1 (Resource Graphs): Ov, -w IaC  g  , ,  w
w    5   2 g,  vg  11   9 g.

6.2 Generlizbility (R2)
W   vg w EMIaC  b   ff IaC g w qg
g-fi .  b , EMIaC  b b  gg  xg
   j vg-b IaC g,   , P,  O [22].

Procedure. B   g  R1, w y g   g w 5
  2 g, g   v bv  -w IaC g. W 
  IR  w b   x   b  ffig   fi g
  IaC g. Fg 6   w  g    x.
T IR    HCL    O,   Py  P.4 W

x AWS CF b   -  y g AWS .
T g g   x g   IaC g  qv g
  y IaC wflw: ini, pln, pply-1, pply-2, grph,  desroy. T ini   
 wg y  w  q v g. T pln  yz
 g    g     g , w yg y
. T pply-1  x  fi b by g      
g (-   Fg 6). I  pply-2 ,   b  x (g-
  Fg 6). U pply-1,        y  b  
 ff g   y   fi , xg ff x  w...
 fi b. T grph  x   g    . Fy, 
desroy  v  vy  . T gy v  
(.g., P’ preview   ’ pln), b    y  .

Merics. W   b semen coverge;  b    x
      IaC g. O g     g  v
vg        IaC wflw,   y g 
vg  ff IaC g. Mg  vg   g   y wflw
  w  w    g’   x by  . A
 IaC g  w  G, w v v    vg [25, 26].
T     :  G      
g      b,   b    b, 
 w   b  x.W     qy vg  
y  P, ,  O (     ).
4Tg  v, w   v1.12.1, P v3.171.0,  O v1.10.5.

P. ACM Pg. Lg., V. 10, N. OOPSLA1, A 118. Pb : A 2026.
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Resuls. Fg 7   vg  P, ,  O  
    IaC wflw. A  IaC g, vg  y  pln
 pply,        b  w  x g y. T 
y    g vg,       g w  
   fi . A x,   O xb   vg,
 O w     2023. P w  w b vg, b
w   v .
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Fig. 6. Resource grphs o he irs bch (lef) nd
he second bch (righ).
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Fig. 7. Semen coverge o IaC progrms gener-
ed rom he sme grph.

R2 (Generalizability): Ov, EMIaC gz  , O,  P,
   b w g-fi fi. S vg  w 
  g   gg   vg    y IaC wflw 
  IaC g, w  g   y ( ).

6.3 Coverge Comprison (R3)
   by  v v    b  vg  [6, 23].
T   y y   v     b. Mv, y
 g    v  x v . By g EMIaC’ vg
g v-w  , w   yg y g.

Procedure.  w R3, w    P. W  O, 
S 6.2 y w   vg y    . F ,
 y    G   errorm, w  jy    
 errorm/ inernl .   168 G g, 165  w  errorm/ inernl .
P,  ,   131 g. F b IaC g, w x  ffi 
 w vg b. F ,   y  g  errorm/ inernl

/ errorm  errorm/ inernl / ses , w    g y. F P,
 v  y   pulumi/pkg/engine  pulumi/pkg/grph. W   
vg v by EMIaC  .  fig EMIaC, w    g
 R1, g  b    11   x b    9,
 w  vg g  (S 6.1). W x fiv  g
  -g, g  fiv ff ,   w     -g
w. E   g w     b  w x qy.

Merics. W  semen coverge g      R2. S   
 g EMIaC w  v-w  , w z  vg w...
  b      . F b   P, w  
() v vg    , () v vg  EMIaC, vg  fiv , () 
bw  g,  (v)  b   qy v by EMIaC. T

P. ACM Pg. Lg., V. 10, N. OOPSLA1, A 118. Pb : A 2026.



Memorphic Tesing or Inrsrucure-s-Code Engines 118:19

Tble 2. Semen coverge in /errorm/ inernl
compring Terrorm es suie nd EMIaC.

Cvg (%)

#S  S EMIaC ΔS
Ov 83,551 61.14% 10.95% 98

/ 8,208 85.12% 31.27% 1
/ 2,170 79.35% 26.22% 0
/g6 1,581 62.81% 19.43% 6
/fig 4,602 86.27% 14.69% 1
/ 12,335 74.29% 14.06% 14
/g6 3,056 10.50% 7.59% 69

Tble 3. Semen coverge in /pulumi/pkg compr-
ing Pulumi es suie nd EMIaC.

Cvg (%)

#S  S EMIaC ΔS
Ov 49,259 32.68% 14.82% 1,313

/g 80 57.50% 58.75% 3
/g 1,614 39.84% 40.39% 179
/ 7,073 58.83% 36.36% 451
/ 330 34.55% 28.89% 20
/b 7,322 49.99% 21.55% 333
/ 10,768 39.04% 17.58% 327

 P

I Sz (| |, ||) S S #S S Cv. (%) #S S Cv. (%)

Avg (11, 9) G 9,148 10.95% 7,300 14.82%
DS 9,142 10.95% 7,297 14.81%

95% (40, 40) G 9,196 11.01% 7,403 15.04%
DS 9,190 11.00% 7,410 15.04%

Tble 4. Comprison o coverge using rndomly genered seeds vs. rel-world grph shpes rom TerrDS
or verge nd lrge inpu size.

b    w     x by EMIaC v w  x by
 vg v by  ffi  .

Resuls. T  vg     P  w  b 2 
b 3, vy. D   , w y    v b
     y    IaC g, w   g  EMIaC;
,  v vg    fi w   b   w
b. F , EMIaC v b vg  y- by:
31.27%  / errorm,  26.22%  / ses . F P, EMIaC v 58.75% vg  /pkg/grph

 40.39%  engine, gy xg  vg  by  xg  .
By vg g, EMIaC x previously unesed semens (Δ)   ffi

 . F , EMIaC  98  v, w    q vg 
/ plugin6 (69),   b  /commnd (14)  /plugin6 (6). F P,  ff
  : EMIaC b 1,313 x , y  / resource (451), /bckend

(333),  /cmd (327).
I b 4, w     y g by   g g (

S 4.3.1) g g   y    g  DS,  w
v  z:  vg-z g (11 , 9 )   g g
  95   DS (40 , 40 ). T    
  P, wg   z    g      vg
v by EMIaC. T w  EMIaC      g y 
-w g    z,   EMIaC’ vg       
  gy. O  g g  z   y 
   IaC  g. Nv,      ff 
 bv  DS. F x,  y g vy g y   
w vy g -g/-g, w  y    ,   yy
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       . W vw   y: -v g
g g   , w  g x x   g .

R3 (Coverage): Ov, EMIaC   ffi      P
by xg        y , 
 g  b   z. I , EMIaC v 98 x   
 1,313  P.

6.4 Muttion Anlysis (R4)
C vg   y ffi     qy    . Y, 
y gv     fi      g  , y w
 bv x by     y  [38]. M y [17] 
 b by yy jg y g   g   (..,muns)
  g’ ,  by g w     b   . I
g ,      b killed      w    x.
Sv  y  v b  by    [11, 44, 73],
  y      y [28, 55]. I   q, w
  vg w EMIaC  ffv  g j      by
v-w  . S    EMIaC   xg  
g  bg  by.

Procedure. W   j IaC g, y , P,  O,
  R.      ffi y, w   v g
 g, fiy    v   y . F , w
yz  inernl / ses g,  P  pkg/engine,   O w 
 inernl / ou g. F  g  g, w x  G  y
 go−muesing [73],    wy  w,5 w   fig 
j . W     by (1) fig     .  
  w  v-w   , w (2)     
x by b  v-w    EMIaC. I,  y  
 g  vg, ..,        b x by  
  . Ay, w (3) fi    by  v-w  ,
 (4) x EMIaC   g .

Merics. W   b    by EMIaC    by  ffi  .
Tble 5. Previously unknown bugs nd es gps
deeced by EMIaC in mjor IaC engines.

ID IaC Engine Issue Status

1 P wg  fix
2  g  fix
3  g  fix
4  w  fix
5 P g  .

6–10 O  vw 

Resuls. Rgg , go−muesing g-
 564   11 fi   inernl / ses

g; 442    . Rvg
  x by b  ffi  
 EMIaC,  w   y  by 
, v 93 . EMIaC   -
 . w     yg
, ..,  g    fi g .
T, w     g 
  (ID 2-4  b 5). T  w wg by   v 
 fix w g  ’  b6. Rgg P,   y 
5L  6  g     wg  188   GHb.
6S  q: ://gb.////37650.

P. ACM Pg. Lg., V. 10, N. OOPSLA1, A 118. Pb : A 2026.



Memorphic Tesing or Inrsrucure-s-Code Engines 118:21

g 996   15 fi   pkg/engine g; 837    . A
 fig    vg   , 39  . EMIaC   
. W   g    (ID 5  b 5), w  b wg.
W  fi    fi     (ID 1  b 5), w
w y fix7.

Rgg O,   y  g 5,216   120 fi  
inernl / ou g. A vg -g , w y  10 fi 
 y       x by     EMIaC, yg
273 . T ffi   171  273. EMIaC  5  . D  
-g   y g  g  , w      
g    .

Flse negives. W   gv g  y. A  gv   
 vv  g EMIaC. S w y    () , ()  x
by b EMIaC   ffi  ,  ()    by  ffi ,  vv
    boh . T vv       v
   -v . b 6 g  gv by  , w
Fg 8 g  by g  ( Fg 1).
A g,   gv   semen omission  boolen-erm msking

(b 6). S g  v  g-v vg  g   w.
F , 89/442  vv (20.1%). T g vv    b-
g (20/63, 31.7%)    (30/112, 26.8%). I , b-by 
 y  (7/140, 5.0%). T  bw  Fg 8  fl  . W
  v g- g   (: inernl / ses ; P: pkg/

engine; O: inernl / ou). I   x  ’ vv   
Se Mnger. P’ vv    , ggg g g 
  x. O’ vv  y   Grph Builder. T
gg  y g g        y g.
T   g    w,  x by g   x g
   . Ov,   w   w , 
x,     by jg   bw   g 
   x   fi .

R4 (Mutation Analysis): Ov, EMIaC  24    ffi   ,
P,  O , g  by  y -w  fi 
bg   j IaC g. T  fi v y b fix  g 
  b  .

6.5 Test Qlity (R5)
R5 vg EMIaC’ -g   w-  qy,      b
   w  g w-  g    .

Procedure.    qy    g by EMIaC, w   wg
g   vb:  g w 5, 10, 20, 30, 40, 60, 80, 100  120 ,
 bb  1%, 10%, 25%, 40%,  50%,    30 , 2, 7, 15,  30
. F  , w g 50    , g     11,250
fig. F  fig, w  EMIaC  g 100 qv w- 

7S : ://gb.////15490.

P. ACM Pg. Lg., V. 10, N. OOPSLA1, A 118. Pb : A 2026.



118:22 Dvid Spielmnn, George Zkhour, Dominik Arnold, Mteo Bigiol, Rolnd Meier, nd Guido Slvneschi

M   P O

  30/112 (26.8%) 17/256 (6.6%) 25/346 (7.2%)
x++→ ∅

b- g 20/63 (31.7%) 15/93 (16.1%) 22/139 (15.8%)
a&&b→ true

  g 15/55 (27.3%) 1/65 (1.5%) 3/125 (2.4%)
break→ continue

b-by  7/140 (5.0%) 1/240 (0.4%) 17/404 (4.2%)
if(c){s}→ if(c){}

  ±1 16/65 (24.6%) 4/155 (2.6%) 16/94 (17.0%)
n→ n+1

by  1/6 (16.7%) 0/14 (0.0%) 10/21 (47.6%)
x<k→ x≤k

  w 0/1 (0.0%) 0/14 (0.0%) 4/9 (44.4%)
a+b→ a-b

 89/442 (20.1%) 38/837 (4.5%) 97/1,138 (8.5%)

Tble 6. Surviving muns (lse negives) by muion clss. Ech
cell repors FN/compiled nd he corresponding FN re.
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Fig. 10. The diversiy nd he number o new ses discovered wih he number o ess genered.

, g     1,125,000 .
F  b, w g 10       EMIaC  g 1,000

qv w-    w     15,    900 ,  

P. ACM Pg. Lg., V. 10, N. OOPSLA1, A 118. Pb : A 2026.
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 bby  50%. W  ,  vg, EMIaC g 1   3.9 . T,
w   b    g  yg w   3.9   
  10,000 w- . T  bg w qv  yg 381 w , 
vg,  . T  w     ff  vy   v
bw w-  g by EMIaC   g by  b w b 
gv    bg   by EMIaC.

Merics. W     jg  qy  w- . T fi     es
diversiy: w   b  disinc inermediry g   100 w-  
fig. W     z   w g . T 
  es redundncy,    w-     v y w 
g w xg. Fy, es size   vg z   g w-  
fig         g   fig.

Resuls. I  fi w  Fg 9, w   vg vy   1,250,000 w-
 by    fi,   ,    bby. I  w,
w   vg b  q g v by    100     11,250
fig. T vy  w         g
  gv z gw xy. Sy,  vy  w   bby 
 -g w  w    -  y  g    y
g,   v  y . Hwv,  ’ fl   vy
 w b y v. T,  x, g    
    vy.
I   w  Fg 9, w w      y v vy x

g. F     b,       bby ,
w   vy fl w    b  .

I   w  Fg 9, w w  v    z w...   
g by   g . T   fig  b 
-g w  Ag 1,     z gw w g  bb 
x, w   vy g w...    b  .

B   y, w    bby  25%;     50,  
 95%   (b 1),     15     vy   
g by EMIaC w    b w  (- )  Fg 10. W
bv  EMIaC  by  v    b. O  g-
   fig, w   vg b  w  v  10  
  xg  w- . Ag b  xb   ,
EMIaC   g   w  vy g  g  w- .
T    ffv  EMIaC’ gy  g  vy vg
 -g y w gg w :  qy   g    g
gfiy   b   .

R5 (Test Diversity): Ov, EMIaC  g-qy w-  w by
g vy   b ,   vy g     b 
g  .

7 Threts to Vlidity
EMIaC g  IaC g  g , -ff- v. Cqy,  
 v v-  (.g., ,  g,  v-fi API
). Mv,     qv   v   

P. ACM Pg. Lg., V. 10, N. OOPSLA1, A 118. Pb : A 2026.
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g, g   v  g w gg  xy v 
(.g., g). Cy bg    b     [19]; y y  w
   y  , w EMIaC . Ag IaC g 
, w    by b  v     fi; yy
g -g w q   b, w  by  w.
O v  y g  g.  v v, w

z  g g z//y    g   -
IaC g, b - g y -   fig.
O    vg    ff g z  bw y
g g  g v  -w g.
Fy, b  g  -g x  z, v  y

ff. g , w   x    vg.T v
w   ff bw   .
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Memorphic esing. M  b y   y . M  . [46, 47]

 M   Dg g, vg v bg  --- g. Mv,
M  b     [42],  g  [76],  wb y [8].
Nby, Rgg  S [58, 59]  M  b g y  v
 bg   y. Sg  . [61] v  v vy  M
q  . S  . [70] v SM v w y by xg 
w  v -g  qy . C   w   g 
-fi y, w fi MR y v  g x   IR, w
   g  g-g.

Inrsrucure s Code. IaC g  y fi   configurion-bsed 
provision-bsed [19]. T ,   Ab [37], P [36],  C [13], g  -
fig   xg   (.g., fi)  y v .
M  w    yzg IaC g, w  y g 
x  v v vy  . F x, H  . [35] w
g  fi  vg y bv, g     y
 C  vg  bg   . L, D  . [19] v  g-
y  bg  Ab, P,  C, yg   b g  y
g. R  Ab  z    by: Ob  .
[51, 52] x    -flw , w H  R [34] yz
bg  Ab . F C, y  b  y , w R  . [57]
yg vb  C . F P, S  . [67]    
-  -w , g  -b   fi g
g  v  vy w   wy  .

O   , provision-bsed engines,   P [72], O [53],  [33],
 AWS CF [63], g  . M   v-b g
  g g  g y. Sw  . [65]  PI,
  g w  ffi  g  P yS g. PI
w v   PIP  [66]. Sy, Bü  . [5]     
g. C   w, EMIaC   fi   v-b g.

E-Grphs. E-G w    PD  by N [50]  g vfi.
Ty x  -fi   [24], w   qv , .., 
w  flxv, y,  v, w g g  

P. ACM Pg. Lg., V. 10, N. OOPSLA1, A 118. Pb : A 2026.
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(UF). T -g  w          UF y  SM
v   Z3 [16], CVC [2],  OSM [4]. By g -g, Z3  b
  ffi -g g [15]. Sv by SM   Sy [18] 
CCL [40] v y y -g      vg.

E-G v     g z. D [39]   -z 
 y  b g  -g. D     . [71]  q
-g w   g     z. I   w, C [20]
  WbAby zg     (y) -g   z .
By g, -g v b  by Cw  . [14]  z . C  . [7]
 Bbb, w  -g, qy ,  -fi   b
by b   g .
A     fl  bg  - y x

 egg [75],   b v   g -g  xv. F x,
Z  . [77] x -g   b qy  w  qy. EEgg [64]
 A  [14] x  -g   b  q. A fiy,
S E-g [60] x  -g    -qv  x w b.

C   w, w y -g    g  qv   IaC
g.   b   wg, EMIaC   fi   -g  w g.

Auomed es Generion echniques. P w    g  
 vg-g g [41], vy  [27],  zzg [48]. W   
 q  EMIaC  v . Cvg-g g yy q
g  y  , w   q   fi g, gg
gg,  b , g by [41]. Fzzg  b ff g
-  y-v fig   j y, w EMIaC g w-
 g by    g   g  [43]. Evy 
y    v  g  fi    vg, w
q xg  g   g    xv [23]. By , EMIaC
 g v  by wg   -g w xg  g.T
q  y: w   vb, vg-g g
 b g w EMIaC. I  w, wv, w z by  v
-fig by v  y   zg  fi vg .

9 Conclusion
W  EMIaC,  fi  g w  IaC g. EMIaC 
  b by g  qv v  g    IR 
vyg  g qy   -g. B   qv,  yy
g g   v y qv   x g- .

O v  P, ,  O w  EMIaC  :  v
98  1,313 vy      P vy,   3, 1,
 20    , P  O. T   fi v
y b g by ,   fi fix  b  by P. By
 g g  IaC, -g g   g b  g b 
g, vg  wy      .
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Iz   R g by Uvà  Svzz  (USI).

Dt-Avilbility Sttement
T   vb  Z [68, 69]. I     EMIaC  w  
 w  b x    v .
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