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A Concise and Fast Algorithm for Irreducible Control Flow Graphs
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to Identify Immediate Dominators and Dominance Frontiers

TETSUO SAITOU,t MITSUGU SUZUKIt and TAN WATANABEf

The irreducible control flow graph is a control flow graph with irreducible loops that has
multiple entries. We present a concise and fast algorithm which can identify immediate dom-
inators and dominance frontiers in such graphs. The irreducible loops are rare in programs
written in high-level programming languages, but they may be brought in by optimizations
of compilers. This algorithm uses a kind of DAG derived from the original graph with some
modification to preserve dominace relations of the graph, then reduces it and gets the domi-
nator tree and dominance frontiers of the original graph by the final reverse modification. As
this algorithm is valid too for ordinary reducible graphs, it is effective for all kind of control
flow graphs. It uses only “depth first search”, “strongly connected components identifica-
tion”, and “reduction of DAG”, so there are no need for any understanding of complex and
special data organizations. The complexity of the algorithm is O(M), where M is the number
of edges. The processing speed of the algorithm implemented in C, on a personal computer
(500 MHz Pentium II) showed 2.4 us/edge in average for about 1,700 graphs derived from
SPEC CPU2000 benchmark programs.
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Fig.1 Control flow graph.
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Fig.3 Add dummy vertex v(d) to irreducible loop.
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(b) SCC level 2

00 SCCGss CGs O ODODODOOOOGss OODO
0 GsO0ODOOO SsccOoobooGoooonooon
o000 SCCG:0G, 0000000G1iNG2=¢
ooooGioGe20000000 sccOonoooon
gobooOobOOoooboooooooobooobobooon
000 SCCO gOOopooOosccooooonod
O0o0o0oooooO0poo0ooooooo sceco
o0oooOg sccooooooooooo
scCoOooooooUooOoUooooooooog
scCOooOooOoooUuooooooooooooog
oooOooosccoooboopoooooonooonno
goooboooooobooooobD10b0b0b0bo0
000000000 reducible loopd O OO OOOO
000000000000 0000000 irreducible
loopO00O000O0O0O0O0OO0DOOCODOOOODOO
JO0000D00OD0 reducible graphD OO OO0 OO
J0000000D00DODODOO irreducible graphD
gooooo

G=(V,E,s)000000 o(s) 00 v(w) # v(s)
bbb s =wdO0ooboboboooooooo
00000000000 v(w) O vw) 00000
0 dominatorO0 00 Ou dom w OO0 u € dom(w)
000000000 v(w O wdomuwOOQOQOO
0 vouvw) 00O0O0O000 {w|u dom w} 00O
v(u) 00000000DR(w) 0000v(w) # v(w)
0000 v(w) 000 v(w) O0D0O00 w(uw) O
v(w) 00000000 immediate dominatorJ 0 O
00000O00w(uw) 0 v(w)0O0DO0O0O0D0D0
widom wOO0O0O u=idom(w) 00000 3(a)00
tdom(h1) = idom(he) =w00 3(b) 0 DAGO OO
O idom(h1) = p1O0idom(hz) = p.00 3(c) O DAG
0000 Oddom(d) = idom(hi) = idom(hz) = u O
000G =(V,E,s)0000000 v(w)eV —u(s)
obooo100o0obo0o0oooooooobbooobooo



76 goooooooooboooooooo

tree and frontier
el [B 1
®

05 000 CFRGOOOOO
Fig.5 Reductions for reducible CFG.

{H}
aly
tree and frontier
G
stack CE
CF_ | ,' [F @

= =

G.Q H  GQ H G H G
06 0000 CRGOOOODO
Fig.6 Reductions for irreducible CFG.

00 v(w)eV—ov(s) 0000 u=idom(w) D000
UdwdOOOO0OO0OO0O0OOsOOOODOODOOOOO0
0000000000000 dominator treed0 00O
0030 ()00 500 60 treelOoooooQ
00 00000000000 w0 u=parent(w)
ooo0b000 o000 «000000 100000
0 wechidd(v) 0DO00D0O0 TOOODO GOO
000000000000 T(G)oooowO TO
oooboooob0 weTDODOO

00 v(u) €V 000O0DO0 dominance frontierd
O00Ow(v) OOD0ODOOOOOOOOOOOOODO
o) 0000000000000 OO®OOoOoOo
DF(u) 00000 500 6 0 frontierstD O OO0O
Oviooooooviooooooooooooao
O {wl|v(w)eV} OOrep(V) 0000 suce(u) = ¢

000 DF(u) = ¢ 000 0Osucc(u) # ¢ OO0
DF(u) ={q|lp—q€E,pe DR(u),q ¢ DR(u)} O
ooo

Sep. 2002

4. 0O O

070000 CrFGUOODODOOOOOOODODOO
O000O0ooo0 DOMINANCEOOOOODOOOO
0000O0000DO0000o 70000 nn0d Lnn
opoad

4.1 0O0O0O0OO

ooooo0o CFGG=(V,E,s)y 0000000
ooooo G(v,S,s)y0ooooooooov oo
ooooooogosoooooogooooooood
O0Os0O CFGOOOO0ODOODOOODDOOOOw
oo0o0oUooOooOoooooooooog Syoo
000000 veVOUODOO SvyOUOOO SOO
gooooO0oOoOooOpDoOO0 veVOOQOOoOoOoDO
000000 ddomv] 000D U0D0OOOODOOODO
000000000 DOMINANCEOOOODOO
00000 Sv)yOOOUODODOO0OODO 20y00000
obooooOy.O0O0oUobOUob0byOODODDOOOO
0000 yO0OOO0OO0OO0O0O0OO00ODO0OO0ODOOO!level
0 sCcCOOOUOUoOoOuononOn Stack[]ODO 1
oobooooOoO0ooOoooOoobooooobbOooo
oobooobOoo0oOoOoooobOoooobooooo
00000000000 00000 Npred[] 00O
ooo0oO0o0ooooocrGUOOOOOOOOOOO
godooooOoOooOoOopDoooOoUoooDbooo
oono

4.2 05006000000

ooooooooooooooobooooobooobo
goooDOobDOoODbDOoO0OO s0b0eDOO0O0O0OOOOO
G,00000000000ooooooooUoooo
oo0oobOoOOoO00oDOOoOopOoooUoobobooo
OO0 tree00 00000 OOOO frontierD0O0 00O O
gooooOdooOoooOoOoooooOooobooo
0000o0oD0oOooOoOoOoooooOoo bAGoOOO
00000O00oo0ooO0o0oOoooooooooon
00000oDOO0DO00D00Oooooooooooo
100000000000000000000DODO0
goooobooooooboooobooobooboooo
0000oo0oo0oooo {j00000o0o0oo
oooooooboooOoooooOooooobooo
gooooOoooboooOooOobooOoboobUooo
ooobDOoooOoOoboOoooO0ooOooooooooo
000d0dbOOo0o0ooooO0yobOoooooDoooo
0 Sy)DU0D0D0oooOoooooo S(yyoooo
000 yOODODDOOODOOOODODOOOODOO
0000000000000 S(y)0 yOOoOoooo



Vol. 43 No. SIG 8(PRO 15) oo0o0oooooooooooooooo 7

01 PROCEDURE DOMINANCE /* Identify Dominator Tree and Dominance Frontiers. */

02 INPUT G=(V, 8, 8) // General CFG, V is the set of vertices, N=|V|,

03 // S(v) is the set of Successors for v in V C

04 OUTPUT idom[v] // Immediate Dominator for vertex v in V.

05 BEGIN PROC

06 // (1) Prepare DAG for the graph G, with dominance relations unchanged.

07 Clear flags of all vertices and edges in G.

08 level = 0

09 DO level = level+l

10 Number all v in V by the pre-order DFSN

11 Identify SCCs in G, ignoring back edges flagged in preceeding transformation.
12 Set flag for headers, preheaders and back edges of new SCC found.

13 Add Dummy Vertex and Dummy Edges for every SCC, if necessary.

14 WHILE new SCC is found.

15 // (2) Initialize for Reduction. /* Prepare stack of candidates for reduction.*/
16 Clear idom[v], Npred[vl for all v in V. Assign the post-order DFSN to all v.

17 Clear Stack.

18 FOR ALL y in V, ascending post-order DFSN DO

19 FOR ALL sy in S(y) DO

20 IF edge y to sy is not a back edge THEN // Select edge of DAG.

21 idom[sy] :=y // Store y into idom[syl, overriding.
22 Npred [sy] := Npred[sy]+1 // Increment Npred[sy]l = |pred(sy)|.
23 END IF

24 END FOR

25 IF Npred[y] = 1 THEN // y is immediately dominated by idom[y] .
26 push y to Stack. // Put y onto stack by post-DFSN order.
27 ELSE // Predecessor of y is not unique.

28 Clear idom[yl] // Idom(y) is unknown here.

29 END IF

30 END FOR

31 // (3) Loop for Reduction. /* Reduce vertices in descending post-order DFSN. */
32 xlabl = DEFAULT // Clear label of x for current succx.
33 WHILE Stack is not empty DO // Do while the stack is not empty.

34 pop vy from Stack // Pop y to be reduced to idom(y) .

35 x := idom[y] // x idom y.

36 IF x not equals xlabl THEN // Update succx for new x

37 On succx[sx] FOR ALL sx in S(x) // Set adress of sx in S(x) into succx[sx]
38 xlabl = x // Set x into label of succx

39 ENDIF

40 S(x) := S(x)-y // Off succx[y] and delete sy in S(x)
41 FOR ALL sy in S(y) DO // Search all successor sy of y.

42 IF sy in S(x) THEN // Test if succx[syl is On.

43 IF edge y to sy is not a back edge THEN // Select edge of DAG.

44 Npred[sy] := Npred[syl-1 // Decriment |pred(sy)| of sy.

45 IF Npredlsy]l = 1 THEN // Means pred(sy)={x}.

46 push sy to Stack // New candidate of reduction.

47 idom[sy] := x // Current x must be the idom(sy).

48 END IF

49 END IF

50 ELSE // sy has not been in S(x) yet.

51 IF x not equals idom[sy] THEN // Prevent critical appending.

52 S(x) := S(x)+sy // Bppend sy to S(x).

53 On succx[sy] // Set adress of sy in S(x) into succx[syl
54 END IF

55 END IF

56 END FOR // Now S(x) and succx for xlabl is updated.

57 END WHILE

58 // (4) Delete Dummy Vertex. /* Get the tree and frontiers for original CFG. */
59 FOR ALL y in V DO

60 IF sy in S(y) is Dummy Vertex THEN

61 S(y) := S(y)-sy // Delete Dummy Vertex in frontier.

62 END IF

63 END FOR

64 FOR ALL v in V DO

65 IF v is Dummy THEN

66 Delete S(v) // Delete frontier of Dummy Vertex.

67 V = V-v // Delete Dummy Vertex

68 END FOR

69 END PROC

07 0DOO0oOoOoOoOooboooo

Fig.7 Identifying dominator tree and dominance frontiers.
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Fig.8 Reference diagram for theorem 2.
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Fig. 10 Possibility of increasing complexity.

(b) reducible graph
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Fig.11 DAG for irreducible complete graph.
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Fig.12 Dominators and frontiers of Fig.11 (a).
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Fig. 13 Virtual samples of irreducible CFG.
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Fig.14 Dominators and frontiers of Fig. 13 (a).
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Language: Fortran77
Medg pns/G  Mrf/G
684 2500.0 2687.0 4.98 6.57 Max.

3 7.0 10.0 1.55 3.25 Min.

53 148.5 230.8 2.39 4.23 Mean

66 248.2 286.8 0.56 0.47 Std.Dev.
Language: Fortran90
Medg pus/G Mrf/G  ps/M Mrf/M ITEM
1608 10000.0 7415.0 6.51 7.03 Max.

3 7.0 10.0 1.54 3.20 Min.

65 219.9 284.9 2.43 4.21 Mean
133 746.1 578.7 0.67 0.49 Std.Dev.
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Fig. 15 Statistics by samples from CPU2000.

Time/CFG
max. 10000psec. [ps/G]

*kkk

*
* KKk k¥
skekkkskkk
sokskokskok

max. 1608 edges [Medg]

016 FOOOODOODOODOOO
Fig.16 Time for sample of program by F90.
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Reference to Edges/CFG
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Fig. 17 Access to edge in program by F90.
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