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Control Flow Analysis of Ruby Programs
and Its Soundness

SouTARO MaTsumoTo! and YasuatKO MINAMIDE!

We design a semi-flow-sensitive control flow analysis for Ruby, and prove its
soundness. Static analysis of scripting languages including Ruby has been ac-
tively studied recently, but few of the analysis proved their correctness with
respect to language semantics. We formalize an operational semantics of the
core of Ruby. It is designed based on the intermediate language obtained by
the parser of ruby-1.9, and supports dynamic method definition, iterator blocks,
and non-local exits. Our analysis is semi-flow-sensitive in the sense that it is
not sensitive on the values of a variable at each program point, but on which
method definitions have been evaluated. This sensitivity makes it possible to
precisely analyze typical Ruby programs where the definition of a class is split
into several top-level class definitions.
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class A # 01 :

def f() 1 end
end

pro.examplel.rb

a = A.new
x = a.f()

class A
def £() "a" end
end

y = a.f
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class A #02:
def £0)
def £() "a" end
1

end
end

pro.example2.rb

a = A.new
x = a.fQ)
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class A # 03 :
if g0
def £f() 1 end
else
def £() "a" end
end
end

pro.example3.rb

a = A.new
x = a.f
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[def A#f : Azy.1]"

[a = [new(8)]*]?

[z = [a.f(nil)]?]*

[def A#f : Ax2.”a” |°

[y = [at(nil) I*]"
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| if e1 theneselsees end’
| new(C)
| def C#f : d'
| load(se,@z)' | store(se,@x,e)
| (Az.e)t | yield(e1,ez)
| (vz.e)' | throw(t,e)' | catch(t,e)
se i=s | p oooooooooo
q 5= pua | p HooH
E u= Elcatch(t,F)'] | F oooo
F ==
| F2(e)" | " £(F)° | (Fye)®
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IM == {ex+>q,...}
D = {(Cf)—d, ...} oooooo
M = {d— As)ze,...} oooooooo
S = {Cw—C,...} 000000000

01 SemiRuby 0DOO0ODO
Fig.1 Syntax rules of SemiRuby.
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Ax.
catch(ti,
a = catch(tz,
z.£(Ay1.throw(t2,y1)));
b = z.g(A\y2.throw(t1,1)))
02 000000O00DOOoO0oO0oOooDobOoOooo
Fig.2 Non-local exits representation with throw/catch.

def f(x)
a =x.f {lyl| break y }
b =x.g {lyl return 1 }
end
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D(C,f)=d
lookup% (D, C,£) = d
(C,£) ¢ dom(D) C' =S(C) lookup%(D,C" ) =d
lookup% (D, C,£) = d
(C,£) € dom(D) C ¢ dom(S)
lookup%(D,C,£) = L

lookup%(D,C,£) =d M(d) = As.\z.e
lookupg 2, (D,C,£) = As.\z.e
lookup% (D, C,£) = L
lookupg o, (D,C,£) = L

0 3 lookup OO
Fig.3 lookup function.

00 10 SemiRuby 000000000 SemiRuby 00D OOD 100000000
oDoooooo
SSM+FD Hvre— D' H e
SO MOODOOODODOO D,Hred 10000000000000000O0O D', H'>e¢
0000000000000 40000000000000000000000 50000
O
scope 00 000000000000000000OO0 p,u D0D0D0D0O0000000OO
0000000000000 0000000000000000000var0000000
00000000000 00000000000000D0 pointer 01000000000
0000000000000 0000000000000000000000000000
0000000000000 0nl000000000000000nl000000000
0000000000 calD000O000000000000D0000000000000
0000000000000 0000000000000000000000000000
000000000000 000000000000000000000000000000
000000000000000000000000000000/leokupg ,(D,C,£) =10
00000000O00yieldOOO lambda0000000000000O00O0D0O0OOOO
000000 yield0OODOODODOOOODOOO0OO0DO000000000 yieldO
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S,Ml—D,HDE[((yme)7>]7—>D,H[yr—>pm;l]DE[(e[y/m]lH (freshy) scope
S,MFD,H>E[(x ={ l))l"}—>D,Hi[xr—>q]l>E[(ql)] assign
SM+D,H>E[(z')] — D,Hv>E[{q")] (¢ = H(z)) var
S,M+D,HvE[(q')] — D,H>E[(q")] pointer
S, M+ D,HvE[((¢" );¢'?)"] — D, Hv E[(¢'2)] seq
S,M+ D,H>FE[{nil')] — D,Hv> E[{p,;)] nil

S, M+ D,H»>E[if (pi)thene1 elsee2 endlo] — D HDE[( )] if(true)
S,M+ D,Hw E[if (pl, ) thenel elsee? end® | — D, H> E[(e2)] if(false)
S,M+ D,Hw> E[ph f((gQ))lo}—>D Hly v q]> E[(es[p/s,y/x]"?)] (H(p):(C,...)l,lookupsyM(D,C,f)—)\s Az.el?, freshy) call

S, M+ D, H > E[yield(p", (¢ )] — D, H[y — q] DEU e[y/z]= )] (H(p) = (Mz.€'3)!, freshy) yield
S,M+FD,Hv>E[{(A\z.e)')] — D,H[p+— (Az.e)']> E[{p')] (fresh p) lambda
S, M+ D,Hv E[((def C#f : d)')] — D', Ho E[(phy) ] (D' = D[(C, £) — d]) def

S, M+ D,Hv> E[{new(C)")] — D,H[p+ {C,0)]> E[{p")] (freshp) new

S, M+ D,Hw E[(load(p,0z)' )] — D, H>E[(q')] (H(p) = (C, IM), IM(ez) = q) load
S,M + D, H v E[(load(p,ez)' )] — D7H>E[<pzw»l)] (H(p) = (C,IM), ex €d0m([]\/[)) load’
S,M + D, H v E[store(p, 0z, (¢'))°] — D, H' > E[{¢")] (H(p) = (C,IM),H = H[p + (C, IM[6x > q])']) store
S, M+ D, H > E[{ catch(t, e")' )]—>D H > E[ catch(t', (e[t /] >) ] (fresht’) catch
S, M + D, H E[ catch(t, F[ throw(t', (¢" )" )| — D, He E[(q")] (t=t) throw
S, M\ D, H E[ catch(t, F| throw(t', (¢' )" ])° | — D, He E[ throw(t', (¢))1] (t # 1) throw’
S, M\ D, Hv E[ catch(t, (¢' )] — D, H> E[(q)] throw”

04 SemiRuby 00000
Fig.4 Reduction rules of SemiRuby.

0000000000000 00yieldOOOOOODODOOOOODODDO OO0lad’ 0000000000000000O0O0O0O0O0O0O0O0OO0O0OO0OOOOOOO
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gobooooooooooobooboooobobooooooboooooon 0000000000000 00000U0D0U00000Ocatch 00000 cateh(t,e) 00
loadDO0O0O0ODOOOOO0O0OOOstore000000000ODOOOOOOO0OOOO Oo0O0O0O0000000000000000O0000000C00000000throwO 00O
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SSMFD H>E[{(x=¢)')] — D,H>E[(x = <>U
S,M - D,HvE[((e1;e2)" )] — D, H> E[({e1);e2)']
S,M+ D,Hv>E[(if egthene; elseepend' )] —

D,H v E[if (eg )thenelelseezendl}
ASMFI)HDEHef@ﬁ)}—lebEHl)( )]
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Fig.5 Reduction rules of SemiRuby (focusing).
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Fig.6 Constraints on values.
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Fig.7 Constraints on method configurations.
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Datalog 00O OO0OO

invoke(call_loc, vblk, blk) :-
call(call_loc, recv_loc, name, n, vblk),
instance(cls, recv_loc), config(vblk, config),
method(config, cls, name, def), def(_, _, _, def, blk, n).

config(blk_in, config) :-
invoke(_, v, blk), config(v, config),
block_expr(blk, loc), vertex(loc, blk_in, _).

points_to(obj_loc, param_loc) :-—
invoke(call_loc, _, blk),
param(blk, i, param_loc), arg(call_loc, i, arg_loc),
points_to(obj_loc, arg_loc).

Datalog OO0 O d0O

points.to 000000000000 ODOOODOODODOUOO[oOOO
instance 000O0OOOO0OO0OO0OO0OO0OO0O0OOOOOOOOOOO
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arg,param 00000000000 0O00O0OOOOOOOO

vertex 000000000 DODOOOOOOO

blockexpr UODOOOOOOODOOO

0 8 DatalogO00OO0OOOODOOO
Fig.8 Flow analysis in datalog.
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$ ./flow.byte ../pro.examplel.rb

Instance of variables::
../pro.examplel.rb:16 (x) : Fixnum
../pro.examplel.rb:16 (a) : A
../pro.examplel.rb:16 (y) : String

$ ./flow.byte ../pro.example2.rb

Instance of variables::
../pro.example2.rb:10 (y) : String
../pro.example2.rb:10 (x) : Fixnum
../pro.example2.rb:10 (a) : A

$ ./flow.byte ../pro.example3.rb

Instance of variables::
../pro.example3.rb:10 (x) : String
../pro.example3.rb:10 (x) : Fixnum
../pro.example3.rb:10 (a) : A

09 00O00OOOoooooo
Fig.9 Example of flow analysis.
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Cu,[q2] € Fll,ex] ECyr 00000000 CH,Cs = Cho.
000CH,Cs =[l] C[lo]0O[l2] CO[l)DOOD40000
Cr,Co,Cpi- ECptz
O00Cpez=C,y 0000000000
O
Progress 1000 0000000000000e000000000000000000
oooo
005 00000 D,HeE[(e)]00SOMOLOO00O well-formed 0000000
000000000000000
(1) e000OD0O0OOO0OOOOO0O
(2) 00 DOHDOEO00000S,MFD,H>E[(e)] — D',H'>E[€|0
O
000000000000000000000000000000000000000
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F[throw(t,(qi))}DDDDDDDDDDDDDDDDDDDDDDD return O break( O
gooooooooooooooooOododpy, 0000000 oOOoooooooog
0000p, 00000000 0DOCOOO0yieldOOOOOOOODODODDODO 300000
oogd
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(1) 00 DOH'0E00000S,MFD,Hoe— D', H el
(2) e0 (¢)000 Fthrow(t,(¢'))]00000000
(3) &0 E[pn-£((¢')] 0 E[yield(pni,(¢"))] 00000000
(]
oo go 5DDDEEE[(qTﬂDDDDDDDDDDEDDDDDDDDDDDDDDDD
0oooooooooooooooceo D,HeeOOOOQOooooooQ
e E=[00D002000000
o E=E'[[l£(e2)] 00008, MFD, HoE'[(¢").f(es)] — D, Hv E'[¢ £({e2))]0
e E=FE[d £()]000O
- q=p,uy 00003000000
— ¢ = pp 0000Well-formedness 00000000000 CO 00000
H(p) = (C,..)' 00 £()) = C00000000000000000000
OCEDeO[ulI0 CcO00D0O0DOOOOOOOOOOOOoOOoDOn
000 lookupg ,,(D,C,£) # LOODO0000000000 sOe0e; 00000
lookupg 1, (D,C,f) = As.Az.e3 00 00cal00O0D0OOOOODO
o E=FE'throw(t,]))]0000
- F=F00002000000
— E'=E"[catch(t',F)]00000000 throw 000 throw’ 0000000
0
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JavaScript 0 0000000000000 0Y0000000000000000000
000000 JavaScrippO00000O0O0OOCOOOOOOO0O0O0000O0O0O0O0O0O0O0O0O
0000000000000 000000000000000JavaScripp0000000O
0000000000000000000000%0000000 well-formedness O OO
gooooooooooooooooooboooooboboooooobooboOoooooboo
ooboooooo
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