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The WCET Problem 

⇤ �
00000000 <fib>:

0: e24dd020 sub sp, sp, #32
4: e58d0004 str r0, [sp, #4]
8: e3a03001 mov r3, #1
c: e58d3010 str r3, [sp, #16]
10: e3a03000 mov r3, #0
14: e58d3014 str r3, [sp, #20]
18: e3a03002 mov r3, #2
1c: e58d300c str r3, [sp, #12]
20: ea00000a b 50 <fib+0x50>
24: e59d3010 ldr r3, [sp, #16]
28: e58d3018 str r3, [sp, #24]
2c: e59d2010 ldr r2, [sp, #16]
30: e59d3014 ldr r3, [sp, #20]
34: e0823003 add r3, r2, r3
38: e58d3010 str r3, [sp, #16]
3c: e59d3018 ldr r3, [sp, #24]
40: e58d3014 str r3, [sp, #20]
44: e59d300c ldr r3, [sp, #12]
48: e2833001 add r3, r3, #1
4c: e58d300c str r3, [sp, #12]
50: e59d200c ldr r2, [sp, #12]
54: e59d3004 ldr r3, [sp, #4]
58: e1520003 cmp r2, r3
5c: dafffff0 ble 24 <fib+0x24>
60: e59d3010 ldr r3, [sp, #16]
64: e58d301c str r3, [sp, #28]
68: e59d301c ldr r3, [sp, #28]
6c: e1a00003 mov r0, r3
70: e28dd020 add sp, sp, #32
74: e12fff1e bx lr

00000078 <main>:
78: e52de004 push {lr}
7c: e24dd00c sub sp, sp, #12
80: e3a03f4b mov r3, #300
84: e58d3004 str r3, [sp, #4]
88: e59d0004 ldr r0, [sp, #4]
8c: ebffffdb bl 0 <fib>
90: e1a03000 mov r3, r0
94: e1a00003 mov r0, r3
98: e28dd00c add sp, sp, #12
9c: e49de004 pop {lr}
a0: e12fff1e bx lr⇥ �

Listing 1. Binary Search Program

ARM9TDMI 
Core

Data 
Cache

Inst. 
Cache

Coprocessor 
15

R13 R13
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Inst.
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Write 
Buffer

AMBA bus interface
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Hardware H
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Related Work & Existing Tools 

•  Tests & Simulation 
–  Random, probabilistic 

–  Real board or simulator 

–  Non exhaustive 

–  Tools: RapiTime (pWCET, mTime) 

•  Abstract Interpretation & Integer Linear Programming 
–  Compute a CFG 

–  Determine loop bounds 

–  Build a weighted graph 

–  Solve an ILP 

–  Tools: Bound-T, OTAWA, TuBound, aiT (Absint) 
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What about Model-Checking Based Techniques? 

Bad News 
Wilhelm, R.: Why AI+ILP is good for WCET, but MC is not, nor ILP alone.  

VMCAI, 2004 
 
 

 



© NICTA 2013 

What about Model-Checking Based Techniques? 

Bad News 
Wilhelm, R.: Why AI+ILP is good for WCET, but MC is not, nor ILP alone.  

VMCAI, 2004 

 

Good News  
Metzner, A.: Why model checking can improve WCET analysis.  

CAV, 2004 
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Model-Checking Based Techniques 

METAMOC 
–  Modular Execution Time Analysis using Model Checking 

–  Timed Automata to model Hardware 

–  Loop bounds, value analysis to compute CFG 

–  Loop unfolding 

–  UPPAAL to compute longest path (WCET) 

Our Methodology 
–  Automatic computation of WCET 

–  No loop bounds computation 

–  Follow up of Timed games for computing WCET for pipelined 
processors with caches. In ACSD'2011. 

–  UPPAAL to compute longest path (WCET) 
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Our Contribution 

•  Fully automatic computation of WCET 

•  Modular Technique 
–  Build CFG 

–  Build model of hardware 

–  Model-check product of CFG and Hardware 

•  Formal Hardware model for ARM920T 

•  Comparison of computed WCETs and measured WCETs 
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Overview 

•  What type of programs and architectures? 

•  Modular Computation of WCET 

•  CFG Reconstruction 

•  Hardware Formal Models for ARM920T 

•  Experiments 

•  Conclusion 
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Binary Program: Fibonacci 

� �
00000000 <fib>:

0: e24dd020 sub sp, sp, #32
4: e58d0004 str r0, [sp, #4]
8: e3a03001 mov r3, #1
c: e58d3010 str r3, [sp, #16]
10: e3a03000 mov r3, #0
14: e58d3014 str r3, [sp, #20]
18: e3a03002 mov r3, #2
1c: e58d300c str r3, [sp, #12]
20: ea00000a b 50 <fib+0x50>
24: e59d3010 ldr r3, [sp, #16]
28: e58d3018 str r3, [sp, #24]
2c: e59d2010 ldr r2, [sp, #16]
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38: e58d3010 str r3, [sp, #16]
3c: e59d3018 ldr r3, [sp, #24]
40: e58d3014 str r3, [sp, #20]
44: e59d300c ldr r3, [sp, #12]
48: e2833001 add r3, r3, #1
4c: e58d300c str r3, [sp, #12]
50: e59d200c ldr r2, [sp, #12]
54: e59d3004 ldr r3, [sp, #4]
58: e1520003 cmp r2, r3
5c: dafffff0 ble 24 <fib+0x24>
60: e59d3010 ldr r3, [sp, #16]
64: e58d301c str r3, [sp, #28]
68: e59d301c ldr r3, [sp, #28]
6c: e1a00003 mov r0, r3
70: e28dd020 add sp, sp, #32
74: e12fff1e bx lr

00000078 <main>:
78: e52de004 push {lr}
7c: e24dd00c sub sp, sp, #12
80: e3a03f4b mov r3, #300
84: e58d3004 str r3, [sp, #4]
88: e59d0004 ldr r0, [sp, #4]
8c: ebffffdb bl 0 <fib>
90: e1a03000 mov r3, r0
94: e1a00003 mov r0, r3
98: e28dd00c add sp, sp, #12
9c: e49de004 pop {lr}
a0: e12fff1e bx lr� �

Listing 1. Binary Search Program

ENTRY

120 stmdb sp!,{lr}

END

124 sub sp,sp,#12

128 mov r3,#300

132 str r3,[sp,#4]

136 ldr r0,[sp,#4]

140 bl 0

0 sub sp,sp,#32

4 str r0,[sp,#4]

8 mov r3,#1

12 str r3,[sp,#16]

16 mov r3,#0

20 str r3,[sp,#20]

24 mov r3,#2

28 str r3,[sp,#12]

32 b 50

80 ldr r2,[sp,#12]

84 ldr r3,[sp,#4]

88 cmps r2,r3

92 ble 24

36 ldr r3,[sp,#16]96 ldr r3,[sp,#16]

40 str r3,[sp,#24]

44 ldr r2,[sp,#16]

48 ldr r3,[sp,#20]

52 add r3,r2,r3

56 str r3,[sp,#16]

60 ldr r3,[sp,#24]

64 str r3,[sp,#20]

68 ldr r3,[sp,#12]

72 add r3,r3,#1

76 str r3,[sp,#12]

100 str r3,[sp,#28]

104 ldr r3,[sp,#28]

108 mov r0,r3

112 add sp,sp,#32

116 bx lr

144 mov r3,r0

148 mov r0,r3

152 add sp,sp,#12

156 ldmia sp!,{lr}

160 bx lr
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Example: Fibonacci Program 

� �
00000000 <fib>:

0: e24dd020 sub sp, sp, #32
4: e58d0004 str r0, [sp, #4]
8: e3a03001 mov r3, #1
c: e58d3010 str r3, [sp, #16]
10: e3a03000 mov r3, #0
14: e58d3014 str r3, [sp, #20]
18: e3a03002 mov r3, #2
1c: e58d300c str r3, [sp, #12]
20: ea00000a b 50 <fib+0x50>
24: e59d3010 ldr r3, [sp, #16]
28: e58d3018 str r3, [sp, #24]
2c: e59d2010 ldr r2, [sp, #16]
30: e59d3014 ldr r3, [sp, #20]
34: e0823003 add r3, r2, r3
38: e58d3010 str r3, [sp, #16]
3c: e59d3018 ldr r3, [sp, #24]
40: e58d3014 str r3, [sp, #20]
44: e59d300c ldr r3, [sp, #12]
48: e2833001 add r3, r3, #1
4c: e58d300c str r3, [sp, #12]
50: e59d200c ldr r2, [sp, #12]
54: e59d3004 ldr r3, [sp, #4]
58: e1520003 cmp r2, r3
5c: dafffff0 ble 24 <fib+0x24>
60: e59d3010 ldr r3, [sp, #16]
64: e58d301c str r3, [sp, #28]
68: e59d301c ldr r3, [sp, #28]
6c: e1a00003 mov r0, r3
70: e28dd020 add sp, sp, #32
74: e12fff1e bx lr

00000078 <main>:
78: e52de004 push {lr}
7c: e24dd00c sub sp, sp, #12
80: e3a03f4b mov r3, #300
84: e58d3004 str r3, [sp, #4]
88: e59d0004 ldr r0, [sp, #4]
8c: ebffffdb bl 0 <fib>
90: e1a03000 mov r3, r0
94: e1a00003 mov r0, r3
98: e28dd00c add sp, sp, #12
9c: e49de004 pop {lr}
a0: e12fff1e bx lr� �

Listing 1. Binary Search Program

ENTRY

120 stmdb sp!,{lr}

END

124 sub sp,sp,#12

128 mov r3,#300

132 str r3,[sp,#4]

136 ldr r0,[sp,#4]

140 bl 0

0 sub sp,sp,#32

4 str r0,[sp,#4]

8 mov r3,#1

12 str r3,[sp,#16]

16 mov r3,#0

20 str r3,[sp,#20]

24 mov r3,#2

28 str r3,[sp,#12]

32 b 50

80 ldr r2,[sp,#12]

84 ldr r3,[sp,#4]

88 cmps r2,r3

92 ble 24

36 ldr r3,[sp,#16]96 ldr r3,[sp,#16]

40 str r3,[sp,#24]

44 ldr r2,[sp,#16]

48 ldr r3,[sp,#20]

52 add r3,r2,r3

56 str r3,[sp,#16]

60 ldr r3,[sp,#24]

64 str r3,[sp,#20]

68 ldr r3,[sp,#12]

72 add r3,r3,#1

76 str r3,[sp,#12]

100 str r3,[sp,#28]

104 ldr r3,[sp,#28]

108 mov r0,r3

112 add sp,sp,#32

116 bx lr

144 mov r3,r0

148 mov r0,r3

152 add sp,sp,#12

156 ldmia sp!,{lr}

160 bx lr
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20 str r3,[sp,#20]

24 mov r3,#2

28 str r3,[sp,#12]

32 b 50

80 ldr r2,[sp,#12]

84 ldr r3,[sp,#4]

88 cmps r2,r3

92 ble 24

36 ldr r3,[sp,#16]96 ldr r3,[sp,#16]

40 str r3,[sp,#24]

44 ldr r2,[sp,#16]

48 ldr r3,[sp,#20]

52 add r3,r2,r3

56 str r3,[sp,#16]

60 ldr r3,[sp,#24]

64 str r3,[sp,#20]

68 ldr r3,[sp,#12]

72 add r3,r3,#1

76 str r3,[sp,#12]

100 str r3,[sp,#28]

104 ldr r3,[sp,#28]

108 mov r0,r3

112 add sp,sp,#32

116 bx lr

144 mov r3,r0

148 mov r0,r3

152 add sp,sp,#12

156 ldmia sp!,{lr}

160 bx lr
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Hardware: ARM920T 

ARM9TDMI 
Core

Data 
Cache

Inst. 
Cache

Coprocessor 
15

R13 R13

Data 
MMU

Inst.
MMU

Write 
Buffer

AMBA bus interface

• RISC processor, 16 registers

• memory load/store and multiple ldr/str

• Data and Instruction Caches
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Pipelining and Pipeline Stalls =

F D E M W

F D E M W

F D E M Wadd r2,r2,#1

sub r3,r3,#2

ldr r1,[sp,#4]

cycle

j j+2 j+3j+1 j+4 j+5 j+6
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Pipelining and Pipeline Stalls =

F D E M W

F D E M W

F D E M Wadd r2,r2,#1

sub r3,r3,#2

ldr r1,[sp,#4]

cycle

j j+2 j+3j+1 j+4 j+5 j+6

Stalls may occur! 

F D E M Wldr r2,[sp,#4]

add r1,r2,#2 F D Estall M W

cycle

j j+2 j+3j+1 j+4 j+5 j+6

F D E M W

F D E M W

ble 32

stall stall

cycle

j j+2 j+3j+1 j+4 j+5 j+6 j+7
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Caches 

Set 1

Set 2

Set  2^n

Line size

•
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Caches 

Set 1

Set 2

Set  2^n

Line size

•

64-way associative cache
8 sets, 64 lines/set
line size 8 (4-byte) words
FIFO replacement

Memory Location X 

Miss/FIFO replacement 
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What do we Need to Compute the WCET? 
� �
00000000 <fib>:

0: e24dd020 sub sp, sp, #32
4: e58d0004 str r0, [sp, #4]
8: e3a03001 mov r3, #1
c: e58d3010 str r3, [sp, #16]
10: e3a03000 mov r3, #0
14: e58d3014 str r3, [sp, #20]
18: e3a03002 mov r3, #2
1c: e58d300c str r3, [sp, #12]
20: ea00000a b 50 <fib+0x50>
24: e59d3010 ldr r3, [sp, #16]
28: e58d3018 str r3, [sp, #24]
2c: e59d2010 ldr r2, [sp, #16]
30: e59d3014 ldr r3, [sp, #20]
34: e0823003 add r3, r2, r3
38: e58d3010 str r3, [sp, #16]
3c: e59d3018 ldr r3, [sp, #24]
40: e58d3014 str r3, [sp, #20]
44: e59d300c ldr r3, [sp, #12]
48: e2833001 add r3, r3, #1
4c: e58d300c str r3, [sp, #12]
50: e59d200c ldr r2, [sp, #12]
54: e59d3004 ldr r3, [sp, #4]
58: e1520003 cmp r2, r3
5c: dafffff0 ble 24 <fib+0x24>
60: e59d3010 ldr r3, [sp, #16]
64: e58d301c str r3, [sp, #28]
68: e59d301c ldr r3, [sp, #28]
6c: e1a00003 mov r0, r3
70: e28dd020 add sp, sp, #32
74: e12fff1e bx lr

00000078 <main>:
78: e52de004 push {lr}
7c: e24dd00c sub sp, sp, #12
80: e3a03f4b mov r3, #300
84: e58d3004 str r3, [sp, #4]
88: e59d0004 ldr r0, [sp, #4]
8c: ebffffdb bl 0 <fib>
90: e1a03000 mov r3, r0
94: e1a00003 mov r0, r3
98: e28dd00c add sp, sp, #12
9c: e49de004 pop {lr}
a0: e12fff1e bx lr� �

Listing 1. Binary Search Program

32:add r2,r2,#2
?

12:stm sp!,{r2,lr}
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^
32:add r2,r2,#2 ?

12:stm sp!,{r2,lr}

⇤ –! N

� �
00000000 <fib>:

0: e24dd020 sub sp, sp, #32
4: e58d0004 str r0, [sp, #4]
8: e3a03001 mov r3, #1
c: e58d3010 str r3, [sp, #16]
10: e3a03000 mov r3, #0
14: e58d3014 str r3, [sp, #20]
18: e3a03002 mov r3, #2
1c: e58d300c str r3, [sp, #12]
20: ea00000a b 50 <fib+0x50>
24: e59d3010 ldr r3, [sp, #16]
28: e58d3018 str r3, [sp, #24]
2c: e59d2010 ldr r2, [sp, #16]
30: e59d3014 ldr r3, [sp, #20]
34: e0823003 add r3, r2, r3
38: e58d3010 str r3, [sp, #16]
3c: e59d3018 ldr r3, [sp, #24]
40: e58d3014 str r3, [sp, #20]
44: e59d300c ldr r3, [sp, #12]
48: e2833001 add r3, r3, #1
4c: e58d300c str r3, [sp, #12]
50: e59d200c ldr r2, [sp, #12]
54: e59d3004 ldr r3, [sp, #4]
58: e1520003 cmp r2, r3
5c: dafffff0 ble 24 <fib+0x24>
60: e59d3010 ldr r3, [sp, #16]
64: e58d301c str r3, [sp, #28]
68: e59d301c ldr r3, [sp, #28]
6c: e1a00003 mov r0, r3
70: e28dd020 add sp, sp, #32
74: e12fff1e bx lr

00000078 <main>:
78: e52de004 push {lr}
7c: e24dd00c sub sp, sp, #12
80: e3a03f4b mov r3, #300
84: e58d3004 str r3, [sp, #4]
88: e59d0004 ldr r0, [sp, #4]
8c: ebffffdb bl 0 <fib>
90: e1a03000 mov r3, r0
94: e1a00003 mov r0, r3
98: e28dd00c add sp, sp, #12
9c: e49de004 pop {lr}
a0: e12fff1e bx lr� �

Listing 1. Binary Search Program

32:add r2,r2,#2
?

12:stm sp!,{r2,lr}
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What do we Need to Compute the WCET? 
� �
00000000 <fib>:

0: e24dd020 sub sp, sp, #32
4: e58d0004 str r0, [sp, #4]
8: e3a03001 mov r3, #1
c: e58d3010 str r3, [sp, #16]
10: e3a03000 mov r3, #0
14: e58d3014 str r3, [sp, #20]
18: e3a03002 mov r3, #2
1c: e58d300c str r3, [sp, #12]
20: ea00000a b 50 <fib+0x50>
24: e59d3010 ldr r3, [sp, #16]
28: e58d3018 str r3, [sp, #24]
2c: e59d2010 ldr r2, [sp, #16]
30: e59d3014 ldr r3, [sp, #20]
34: e0823003 add r3, r2, r3
38: e58d3010 str r3, [sp, #16]
3c: e59d3018 ldr r3, [sp, #24]
40: e58d3014 str r3, [sp, #20]
44: e59d300c ldr r3, [sp, #12]
48: e2833001 add r3, r3, #1
4c: e58d300c str r3, [sp, #12]
50: e59d200c ldr r2, [sp, #12]
54: e59d3004 ldr r3, [sp, #4]
58: e1520003 cmp r2, r3
5c: dafffff0 ble 24 <fib+0x24>
60: e59d3010 ldr r3, [sp, #16]
64: e58d301c str r3, [sp, #28]
68: e59d301c ldr r3, [sp, #28]
6c: e1a00003 mov r0, r3
70: e28dd020 add sp, sp, #32
74: e12fff1e bx lr

00000078 <main>:
78: e52de004 push {lr}
7c: e24dd00c sub sp, sp, #12
80: e3a03f4b mov r3, #300
84: e58d3004 str r3, [sp, #4]
88: e59d0004 ldr r0, [sp, #4]
8c: ebffffdb bl 0 <fib>
90: e1a03000 mov r3, r0
94: e1a00003 mov r0, r3
98: e28dd00c add sp, sp, #12
9c: e49de004 pop {lr}
a0: e12fff1e bx lr� �

Listing 1. Binary Search Program

32:add r2,r2,#2
?

12:stm sp!,{r2,lr}
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00000000 <fib>:

0: e24dd020 sub sp, sp, #32
4: e58d0004 str r0, [sp, #4]
8: e3a03001 mov r3, #1
c: e58d3010 str r3, [sp, #16]
10: e3a03000 mov r3, #0
14: e58d3014 str r3, [sp, #20]
18: e3a03002 mov r3, #2
1c: e58d300c str r3, [sp, #12]
20: ea00000a b 50 <fib+0x50>
24: e59d3010 ldr r3, [sp, #16]
28: e58d3018 str r3, [sp, #24]
2c: e59d2010 ldr r2, [sp, #16]
30: e59d3014 ldr r3, [sp, #20]
34: e0823003 add r3, r2, r3
38: e58d3010 str r3, [sp, #16]
3c: e59d3018 ldr r3, [sp, #24]
40: e58d3014 str r3, [sp, #20]
44: e59d300c ldr r3, [sp, #12]
48: e2833001 add r3, r3, #1
4c: e58d300c str r3, [sp, #12]
50: e59d200c ldr r2, [sp, #12]
54: e59d3004 ldr r3, [sp, #4]
58: e1520003 cmp r2, r3
5c: dafffff0 ble 24 <fib+0x24>
60: e59d3010 ldr r3, [sp, #16]
64: e58d301c str r3, [sp, #28]
68: e59d301c ldr r3, [sp, #28]
6c: e1a00003 mov r0, r3
70: e28dd020 add sp, sp, #32
74: e12fff1e bx lr

00000078 <main>:
78: e52de004 push {lr}
7c: e24dd00c sub sp, sp, #12
80: e3a03f4b mov r3, #300
84: e58d3004 str r3, [sp, #4]
88: e59d0004 ldr r0, [sp, #4]
8c: ebffffdb bl 0 <fib>
90: e1a03000 mov r3, r0
94: e1a00003 mov r0, r3
98: e28dd00c add sp, sp, #12
9c: e49de004 pop {lr}
a0: e12fff1e bx lr� �

Listing 1. Binary Search Program

32:add r2,r2,#2
?

12:stm sp!,{r2,lr}
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32:add r2,r2,#2

;

12:stm sp!,{r2,lr}
{100, 104}
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What do we Need to Compute the WCET? 
� �
00000000 <fib>:

0: e24dd020 sub sp, sp, #32
4: e58d0004 str r0, [sp, #4]
8: e3a03001 mov r3, #1
c: e58d3010 str r3, [sp, #16]
10: e3a03000 mov r3, #0
14: e58d3014 str r3, [sp, #20]
18: e3a03002 mov r3, #2
1c: e58d300c str r3, [sp, #12]
20: ea00000a b 50 <fib+0x50>
24: e59d3010 ldr r3, [sp, #16]
28: e58d3018 str r3, [sp, #24]
2c: e59d2010 ldr r2, [sp, #16]
30: e59d3014 ldr r3, [sp, #20]
34: e0823003 add r3, r2, r3
38: e58d3010 str r3, [sp, #16]
3c: e59d3018 ldr r3, [sp, #24]
40: e58d3014 str r3, [sp, #20]
44: e59d300c ldr r3, [sp, #12]
48: e2833001 add r3, r3, #1
4c: e58d300c str r3, [sp, #12]
50: e59d200c ldr r2, [sp, #12]
54: e59d3004 ldr r3, [sp, #4]
58: e1520003 cmp r2, r3
5c: dafffff0 ble 24 <fib+0x24>
60: e59d3010 ldr r3, [sp, #16]
64: e58d301c str r3, [sp, #28]
68: e59d301c ldr r3, [sp, #28]
6c: e1a00003 mov r0, r3
70: e28dd020 add sp, sp, #32
74: e12fff1e bx lr

00000078 <main>:
78: e52de004 push {lr}
7c: e24dd00c sub sp, sp, #12
80: e3a03f4b mov r3, #300
84: e58d3004 str r3, [sp, #4]
88: e59d0004 ldr r0, [sp, #4]
8c: ebffffdb bl 0 <fib>
90: e1a03000 mov r3, r0
94: e1a00003 mov r0, r3
98: e28dd00c add sp, sp, #12
9c: e49de004 pop {lr}
a0: e12fff1e bx lr� �

Listing 1. Binary Search Program

32:add r2,r2,#2
?

12:stm sp!,{r2,lr}

L ✓ ⇤

ARM9TDMI 
Core

Data 
Cache

Inst. 
Cache

Coprocessor 
15

R13 R13

Data 
MMU

Inst.
MMU

Write 
Buffer

AMBA bus interface

^
32:add r2,r2,#2 ?
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� �
00000000 <fib>:

0: e24dd020 sub sp, sp, #32
4: e58d0004 str r0, [sp, #4]
8: e3a03001 mov r3, #1
c: e58d3010 str r3, [sp, #16]
10: e3a03000 mov r3, #0
14: e58d3014 str r3, [sp, #20]
18: e3a03002 mov r3, #2
1c: e58d300c str r3, [sp, #12]
20: ea00000a b 50 <fib+0x50>
24: e59d3010 ldr r3, [sp, #16]
28: e58d3018 str r3, [sp, #24]
2c: e59d2010 ldr r2, [sp, #16]
30: e59d3014 ldr r3, [sp, #20]
34: e0823003 add r3, r2, r3
38: e58d3010 str r3, [sp, #16]
3c: e59d3018 ldr r3, [sp, #24]
40: e58d3014 str r3, [sp, #20]
44: e59d300c ldr r3, [sp, #12]
48: e2833001 add r3, r3, #1
4c: e58d300c str r3, [sp, #12]
50: e59d200c ldr r2, [sp, #12]
54: e59d3004 ldr r3, [sp, #4]
58: e1520003 cmp r2, r3
5c: dafffff0 ble 24 <fib+0x24>
60: e59d3010 ldr r3, [sp, #16]
64: e58d301c str r3, [sp, #28]
68: e59d301c ldr r3, [sp, #28]
6c: e1a00003 mov r0, r3
70: e28dd020 add sp, sp, #32
74: e12fff1e bx lr

00000078 <main>:
78: e52de004 push {lr}
7c: e24dd00c sub sp, sp, #12
80: e3a03f4b mov r3, #300
84: e58d3004 str r3, [sp, #4]
88: e59d0004 ldr r0, [sp, #4]
8c: ebffffdb bl 0 <fib>
90: e1a03000 mov r3, r0
94: e1a00003 mov r0, r3
98: e28dd00c add sp, sp, #12
9c: e49de004 pop {lr}
a0: e12fff1e bx lr� �

Listing 1. Binary Search Program

32:add r2,r2,#2
?

12:stm sp!,{r2,lr}
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32:add r2,r2,#2

;

12:stm sp!,{r2,lr}
{100, 104}
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What do we Need to Compute the WCET? 
� �
00000000 <fib>:

0: e24dd020 sub sp, sp, #32
4: e58d0004 str r0, [sp, #4]
8: e3a03001 mov r3, #1
c: e58d3010 str r3, [sp, #16]
10: e3a03000 mov r3, #0
14: e58d3014 str r3, [sp, #20]
18: e3a03002 mov r3, #2
1c: e58d300c str r3, [sp, #12]
20: ea00000a b 50 <fib+0x50>
24: e59d3010 ldr r3, [sp, #16]
28: e58d3018 str r3, [sp, #24]
2c: e59d2010 ldr r2, [sp, #16]
30: e59d3014 ldr r3, [sp, #20]
34: e0823003 add r3, r2, r3
38: e58d3010 str r3, [sp, #16]
3c: e59d3018 ldr r3, [sp, #24]
40: e58d3014 str r3, [sp, #20]
44: e59d300c ldr r3, [sp, #12]
48: e2833001 add r3, r3, #1
4c: e58d300c str r3, [sp, #12]
50: e59d200c ldr r2, [sp, #12]
54: e59d3004 ldr r3, [sp, #4]
58: e1520003 cmp r2, r3
5c: dafffff0 ble 24 <fib+0x24>
60: e59d3010 ldr r3, [sp, #16]
64: e58d301c str r3, [sp, #28]
68: e59d301c ldr r3, [sp, #28]
6c: e1a00003 mov r0, r3
70: e28dd020 add sp, sp, #32
74: e12fff1e bx lr

00000078 <main>:
78: e52de004 push {lr}
7c: e24dd00c sub sp, sp, #12
80: e3a03f4b mov r3, #300
84: e58d3004 str r3, [sp, #4]
88: e59d0004 ldr r0, [sp, #4]
8c: ebffffdb bl 0 <fib>
90: e1a03000 mov r3, r0
94: e1a00003 mov r0, r3
98: e28dd00c add sp, sp, #12
9c: e49de004 pop {lr}
a0: e12fff1e bx lr� �

Listing 1. Binary Search Program

32:add r2,r2,#2
?

12:stm sp!,{r2,lr}
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00000000 <fib>:

0: e24dd020 sub sp, sp, #32
4: e58d0004 str r0, [sp, #4]
8: e3a03001 mov r3, #1
c: e58d3010 str r3, [sp, #16]
10: e3a03000 mov r3, #0
14: e58d3014 str r3, [sp, #20]
18: e3a03002 mov r3, #2
1c: e58d300c str r3, [sp, #12]
20: ea00000a b 50 <fib+0x50>
24: e59d3010 ldr r3, [sp, #16]
28: e58d3018 str r3, [sp, #24]
2c: e59d2010 ldr r2, [sp, #16]
30: e59d3014 ldr r3, [sp, #20]
34: e0823003 add r3, r2, r3
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48: e2833001 add r3, r3, #1
4c: e58d300c str r3, [sp, #12]
50: e59d200c ldr r2, [sp, #12]
54: e59d3004 ldr r3, [sp, #4]
58: e1520003 cmp r2, r3
5c: dafffff0 ble 24 <fib+0x24>
60: e59d3010 ldr r3, [sp, #16]
64: e58d301c str r3, [sp, #28]
68: e59d301c ldr r3, [sp, #28]
6c: e1a00003 mov r0, r3
70: e28dd020 add sp, sp, #32
74: e12fff1e bx lr

00000078 <main>:
78: e52de004 push {lr}
7c: e24dd00c sub sp, sp, #12
80: e3a03f4b mov r3, #300
84: e58d3004 str r3, [sp, #4]
88: e59d0004 ldr r0, [sp, #4]
8c: ebffffdb bl 0 <fib>
90: e1a03000 mov r3, r0
94: e1a00003 mov r0, r3
98: e28dd00c add sp, sp, #12
9c: e49de004 pop {lr}
a0: e12fff1e bx lr� �

Listing 1. Binary Search Program
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h0

hj

hk

hn

not stall ^y � 1

[32:add r2,r2,#2; ;]

Reset x

CacheWrite!

[12:stm sp!,{r2,lr};{100, 104}]

Reset y

⌃⇤ �! N
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Non-Deterministic Choices 

D? = D [ ?

ENTRY

120 stmdb sp!,{lr}

END

124 sub sp,sp,#12

128 mov r3,#300

132 str r3,[sp,#4]

136 ldr r0,[sp,#4]

140 bl 0

0 sub sp,sp,#32

4 str r0,[sp,#4]

8 mov r3,#1

12 str r3,[sp,#16]

16 mov r3,#0

20 str r3,[sp,#20]

24 mov r3,#2

28 str r3,[sp,#12]

32 b 50

80 ldr r2,[sp,#12]

84 ldr r3,[sp,#4]

88 cmps r2,r3

92 ble 24

36 ldr r3,[sp,#16]96 ldr r3,[sp,#16]

40 str r3,[sp,#24]

44 ldr r2,[sp,#16]

48 ldr r3,[sp,#20]

52 add r3,r2,r3

56 str r3,[sp,#16]

60 ldr r3,[sp,#24]

64 str r3,[sp,#20]

68 ldr r3,[sp,#12]

72 add r3,r3,#1

76 str r3,[sp,#12]

100 str r3,[sp,#28]

104 ldr r3,[sp,#28]

108 mov r0,r3

112 add sp,sp,#32

116 bx lr

144 mov r3,r0

148 mov r0,r3

152 add sp,sp,#12

156 ldmia sp!,{lr}

160 bx lr

= ?_ = ? = ?
= =

= ?
=

= ?
=

D? = D [ ?

ENTRY

120 stmdb sp!,{lr}

END

124 sub sp,sp,#12

128 mov r3,#300

132 str r3,[sp,#4]

136 ldr r0,[sp,#4]

140 bl 0

0 sub sp,sp,#32

4 str r0,[sp,#4]

8 mov r3,#1

12 str r3,[sp,#16]

16 mov r3,#0

20 str r3,[sp,#20]

24 mov r3,#2

28 str r3,[sp,#12]

32 b 50

80 ldr r2,[sp,#12]

84 ldr r3,[sp,#4]

88 cmps r2,r3

92 ble 24

36 ldr r3,[sp,#16]96 ldr r3,[sp,#16]

40 str r3,[sp,#24]

44 ldr r2,[sp,#16]

48 ldr r3,[sp,#20]

52 add r3,r2,r3

56 str r3,[sp,#16]

60 ldr r3,[sp,#24]

64 str r3,[sp,#20]

68 ldr r3,[sp,#12]

72 add r3,r3,#1

76 str r3,[sp,#12]

100 str r3,[sp,#28]

104 ldr r3,[sp,#28]

108 mov r0,r3

112 add sp,sp,#32

116 bx lr

144 mov r3,r0

148 mov r0,r3

152 add sp,sp,#12

156 ldmia sp!,{lr}

160 bx lr

= ?_ = ? = ?
= =

= ?
=

= ?
=

Input data are unknown: extended domain: D? = D [ {?}
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Modular Computation of WCET 

L ✓ ⇤ ⇤L ✓ ⇤ ⇤
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Modular Computation of WCET 

L ✓ ⇤ ⇤L ✓ ⇤ ⇤
L ✓ ⇤ ⇤

UPPAAL 
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Reduced Automaton 

• Two runs of P can generate the same word in L(P )
Fibonacci with initial values u0 = 0, u1 = 1 and u0 = 2, u1 = 3

• state of Aut(P ): 16 32-bit registers, stack, status bits

size of a state of Aut(P ): 16 ⇥ 32 + |stack| ⇥ 32 + 4

• WCET depends on L(P )
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Reduced Automaton 

• Two runs of P can generate the same word in L(P )
Fibonacci with initial values u0 = 0, u1 = 1 and u0 = 2, u1 = 3

• state of Aut(P ): 16 32-bit registers, stack, status bits

size of a state of Aut(P ): 16 ⇥ 32 + |stack| ⇥ 32 + 4

• WCET depends on L(P )

if L(P 0) = L(P ) then WCET(H,P ) = WCET(H,P 0)

WCET-equivalent Program

P 0
and P are WCET-equivalent iff L(P 0) = L(P ).

Compute a reduced WCET-equivalent P 0
using Program Slicing
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WCET-Equivalent Fibonnacci 

� �
00000000 <fib>:

0: e24dd020 sub sp, sp, #32
4: e58d0004 str r0, [sp, #4]
8: e3a03001 mov r3, #1
c: e58d3010 str r3, [sp, #16]
10: e3a03000 mov r3, #0
14: e58d3014 str r3, [sp, #20]
18: e3a03002 mov r3, #2
1c: e58d300c str r3, [sp, #12]
20: ea00000a b 50 <fib+0x50>
24: e59d3010 ldr r3, [sp, #16]
28: e58d3018 str r3, [sp, #24]
2c: e59d2010 ldr r2, [sp, #16]
30: e59d3014 ldr r3, [sp, #20]
34: e0823003 add r3, r2, r3
38: e58d3010 str r3, [sp, #16]
3c: e59d3018 ldr r3, [sp, #24]
40: e58d3014 str r3, [sp, #20]
44: e59d300c ldr r3, [sp, #12]
48: e2833001 add r3, r3, #1
4c: e58d300c str r3, [sp, #12]
50: e59d200c ldr r2, [sp, #12]
54: e59d3004 ldr r3, [sp, #4]
58: e1520003 cmp r2, r3
5c: dafffff0 ble 24 <fib+0x24>
60: e59d3010 ldr r3, [sp, #16]
64: e58d301c str r3, [sp, #28]
68: e59d301c ldr r3, [sp, #28]
6c: e1a00003 mov r0, r3
70: e28dd020 add sp, sp, #32
74: e12fff1e bx lr

00000078 <main>:
78: e52de004 push {lr}
7c: e24dd00c sub sp, sp, #12
80: e3a03f4b mov r3, #300
84: e58d3004 str r3, [sp, #4]
88: e59d0004 ldr r0, [sp, #4]
8c: ebffffdb bl 0 <fib>
90: e1a03000 mov r3, r0
94: e1a00003 mov r0, r3
98: e28dd00c add sp, sp, #12
9c: e49de004 pop {lr}
a0: e12fff1e bx lr� �

Listing 1. Binary Search Program

ENTRY

120 stmdb sp!,{lr}

END

124 sub sp,sp,#12

128 mov r3,#300

132 str r3,[sp,#4]

136 ldr r0,[sp,#4]

140 bl 0

0 sub sp,sp,#32

4 str r0,[sp,#4]

8 mov r3,#1

12 str r3,[sp,#16]

16 mov r3,#0

20 str r3,[sp,#20]

24 mov r3,#2

28 str r3,[sp,#12]

32 b 50

80 ldr r2,[sp,#12]

84 ldr r3,[sp,#4]

88 cmps r2,r3

92 ble 24

36 ldr r3,[sp,#16]96 ldr r3,[sp,#16]

40 str r3,[sp,#24]

44 ldr r2,[sp,#16]

48 ldr r3,[sp,#20]

52 add r3,r2,r3

56 str r3,[sp,#16]

60 ldr r3,[sp,#24]

64 str r3,[sp,#20]

68 ldr r3,[sp,#12]

72 add r3,r3,#1

76 str r3,[sp,#12]

100 str r3,[sp,#28]

104 ldr r3,[sp,#28]

108 mov r0,r3

112 add sp,sp,#32

116 bx lr

144 mov r3,r0

148 mov r0,r3

152 add sp,sp,#12

156 ldmia sp!,{lr}

160 bx lr

� �
00000000 <fib>:

0: e24dd020 sub sp, sp, #32
4: e58d0004 str r0, [sp, #4]
8: e3a03001 mov r3, #1
c: e58d3010 str r3, [sp, #16]
10: e3a03000 mov r3, #0
14: e58d3014 str r3, [sp, #20]
18: e3a03002 mov r3, #2
1c: e58d300c str r3, [sp, #12]
20: ea00000a b 50 <fib+0x50>
24: e59d3010 ldr r3, [sp, #16]
28: e58d3018 str r3, [sp, #24]
2c: e59d2010 ldr r2, [sp, #16]
30: e59d3014 ldr r3, [sp, #20]
34: e0823003 add r3, r2, r3
38: e58d3010 str r3, [sp, #16]
3c: e59d3018 ldr r3, [sp, #24]
40: e58d3014 str r3, [sp, #20]
44: e59d300c ldr r3, [sp, #12]
48: e2833001 add r3, r3, #1
4c: e58d300c str r3, [sp, #12]
50: e59d200c ldr r2, [sp, #12]
54: e59d3004 ldr r3, [sp, #4]
58: e1520003 cmp r2, r3
5c: dafffff0 ble 24 <fib+0x24>
60: e59d3010 ldr r3, [sp, #16]
64: e58d301c str r3, [sp, #28]
68: e59d301c ldr r3, [sp, #28]
6c: e1a00003 mov r0, r3
70: e28dd020 add sp, sp, #32
74: e12fff1e bx lr

00000078 <main>:
78: e52de004 push {lr}
7c: e24dd00c sub sp, sp, #12
80: e3a03f4b mov r3, #300
84: e58d3004 str r3, [sp, #4]
88: e59d0004 ldr r0, [sp, #4]
8c: ebffffdb bl 0 <fib>
90: e1a03000 mov r3, r0
94: e1a00003 mov r0, r3
98: e28dd00c add sp, sp, #12
9c: e49de004 pop {lr}
a0: e12fff1e bx lr� �

Listing 1. Binary Search Program

ENTRY

120 stmdb sp!,{lr}

END

124 sub sp,sp,#12

128 mov r3,#300

132 str r3,[sp,#4]

136 ldr r0,[sp,#4]

140 bl 0

0 sub sp,sp,#32

4 str r0,[sp,#4]

8 mov r3,#1

12 str r3,[sp,#16]

16 mov r3,#0

20 str r3,[sp,#20]

24 mov r3,#2

28 str r3,[sp,#12]

32 b 50

80 ldr r2,[sp,#12]

84 ldr r3,[sp,#4]

88 cmps r2,r3

92 ble 24

36 ldr r3,[sp,#16]96 ldr r3,[sp,#16]

40 str r3,[sp,#24]

44 ldr r2,[sp,#16]

48 ldr r3,[sp,#20]

52 add r3,r2,r3

56 str r3,[sp,#16]

60 ldr r3,[sp,#24]

64 str r3,[sp,#20]

68 ldr r3,[sp,#12]

72 add r3,r3,#1

76 str r3,[sp,#12]

100 str r3,[sp,#28]

104 ldr r3,[sp,#28]

108 mov r0,r3

112 add sp,sp,#32

116 bx lr

144 mov r3,r0

148 mov r0,r3

152 add sp,sp,#12

156 ldmia sp!,{lr}

160 bx lr
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WCET-Equivalent Fibonnacci 

� �
00000000 <fib>:

0: e24dd020 sub sp, sp, #32
4: e58d0004 str r0, [sp, #4]
8: e3a03001 mov r3, #1
c: e58d3010 str r3, [sp, #16]
10: e3a03000 mov r3, #0
14: e58d3014 str r3, [sp, #20]
18: e3a03002 mov r3, #2
1c: e58d300c str r3, [sp, #12]
20: ea00000a b 50 <fib+0x50>
24: e59d3010 ldr r3, [sp, #16]
28: e58d3018 str r3, [sp, #24]
2c: e59d2010 ldr r2, [sp, #16]
30: e59d3014 ldr r3, [sp, #20]
34: e0823003 add r3, r2, r3
38: e58d3010 str r3, [sp, #16]
3c: e59d3018 ldr r3, [sp, #24]
40: e58d3014 str r3, [sp, #20]
44: e59d300c ldr r3, [sp, #12]
48: e2833001 add r3, r3, #1
4c: e58d300c str r3, [sp, #12]
50: e59d200c ldr r2, [sp, #12]
54: e59d3004 ldr r3, [sp, #4]
58: e1520003 cmp r2, r3
5c: dafffff0 ble 24 <fib+0x24>
60: e59d3010 ldr r3, [sp, #16]
64: e58d301c str r3, [sp, #28]
68: e59d301c ldr r3, [sp, #28]
6c: e1a00003 mov r0, r3
70: e28dd020 add sp, sp, #32
74: e12fff1e bx lr

00000078 <main>:
78: e52de004 push {lr}
7c: e24dd00c sub sp, sp, #12
80: e3a03f4b mov r3, #300
84: e58d3004 str r3, [sp, #4]
88: e59d0004 ldr r0, [sp, #4]
8c: ebffffdb bl 0 <fib>
90: e1a03000 mov r3, r0
94: e1a00003 mov r0, r3
98: e28dd00c add sp, sp, #12
9c: e49de004 pop {lr}
a0: e12fff1e bx lr� �

Listing 1. Binary Search Program

ENTRY

120 stmdb sp!,{lr}

END

124 sub sp,sp,#12

128 mov r3,#300

132 str r3,[sp,#4]

136 ldr r0,[sp,#4]

140 bl 0

0 sub sp,sp,#32

4 str r0,[sp,#4]

8 mov r3,#1

12 str r3,[sp,#16]

16 mov r3,#0

20 str r3,[sp,#20]

24 mov r3,#2

28 str r3,[sp,#12]

32 b 50

80 ldr r2,[sp,#12]

84 ldr r3,[sp,#4]

88 cmps r2,r3

92 ble 24

36 ldr r3,[sp,#16]96 ldr r3,[sp,#16]

40 str r3,[sp,#24]

44 ldr r2,[sp,#16]

48 ldr r3,[sp,#20]

52 add r3,r2,r3

56 str r3,[sp,#16]

60 ldr r3,[sp,#24]

64 str r3,[sp,#20]

68 ldr r3,[sp,#12]

72 add r3,r3,#1

76 str r3,[sp,#12]

100 str r3,[sp,#28]

104 ldr r3,[sp,#28]

108 mov r0,r3

112 add sp,sp,#32

116 bx lr

144 mov r3,r0

148 mov r0,r3

152 add sp,sp,#12

156 ldmia sp!,{lr}

160 bx lr

� �
00000000 <fib>:

0: e24dd020 sub sp, sp, #32
4: e58d0004 str r0, [sp, #4]
8: e3a03001 mov r3, #1
c: e58d3010 str r3, [sp, #16]
10: e3a03000 mov r3, #0
14: e58d3014 str r3, [sp, #20]
18: e3a03002 mov r3, #2
1c: e58d300c str r3, [sp, #12]
20: ea00000a b 50 <fib+0x50>
24: e59d3010 ldr r3, [sp, #16]
28: e58d3018 str r3, [sp, #24]
2c: e59d2010 ldr r2, [sp, #16]
30: e59d3014 ldr r3, [sp, #20]
34: e0823003 add r3, r2, r3
38: e58d3010 str r3, [sp, #16]
3c: e59d3018 ldr r3, [sp, #24]
40: e58d3014 str r3, [sp, #20]
44: e59d300c ldr r3, [sp, #12]
48: e2833001 add r3, r3, #1
4c: e58d300c str r3, [sp, #12]
50: e59d200c ldr r2, [sp, #12]
54: e59d3004 ldr r3, [sp, #4]
58: e1520003 cmp r2, r3
5c: dafffff0 ble 24 <fib+0x24>
60: e59d3010 ldr r3, [sp, #16]
64: e58d301c str r3, [sp, #28]
68: e59d301c ldr r3, [sp, #28]
6c: e1a00003 mov r0, r3
70: e28dd020 add sp, sp, #32
74: e12fff1e bx lr

00000078 <main>:
78: e52de004 push {lr}
7c: e24dd00c sub sp, sp, #12
80: e3a03f4b mov r3, #300
84: e58d3004 str r3, [sp, #4]
88: e59d0004 ldr r0, [sp, #4]
8c: ebffffdb bl 0 <fib>
90: e1a03000 mov r3, r0
94: e1a00003 mov r0, r3
98: e28dd00c add sp, sp, #12
9c: e49de004 pop {lr}
a0: e12fff1e bx lr� �

Listing 1. Binary Search Program

ENTRY

120 stmdb sp!,{lr}

END

124 sub sp,sp,#12

128 mov r3,#300

132 str r3,[sp,#4]

136 ldr r0,[sp,#4]

140 bl 0

0 sub sp,sp,#32

4 str r0,[sp,#4]

8 mov r3,#1

12 str r3,[sp,#16]

16 mov r3,#0

20 str r3,[sp,#20]

24 mov r3,#2

28 str r3,[sp,#12]

32 b 50

80 ldr r2,[sp,#12]

84 ldr r3,[sp,#4]

88 cmps r2,r3

92 ble 24

36 ldr r3,[sp,#16]96 ldr r3,[sp,#16]

40 str r3,[sp,#24]

44 ldr r2,[sp,#16]

48 ldr r3,[sp,#20]

52 add r3,r2,r3

56 str r3,[sp,#16]

60 ldr r3,[sp,#24]

64 str r3,[sp,#20]

68 ldr r3,[sp,#12]

72 add r3,r3,#1

76 str r3,[sp,#12]

100 str r3,[sp,#28]

104 ldr r3,[sp,#28]

108 mov r0,r3

112 add sp,sp,#32

116 bx lr

144 mov r3,r0

148 mov r0,r3

152 add sp,sp,#12

156 ldmia sp!,{lr}

160 bx lr
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WCET-Equivalent Fibonnacci 

� �
00000000 <fib>:

0: e24dd020 sub sp, sp, #32
4: e58d0004 str r0, [sp, #4]
8: e3a03001 mov r3, #1
c: e58d3010 str r3, [sp, #16]
10: e3a03000 mov r3, #0
14: e58d3014 str r3, [sp, #20]
18: e3a03002 mov r3, #2
1c: e58d300c str r3, [sp, #12]
20: ea00000a b 50 <fib+0x50>
24: e59d3010 ldr r3, [sp, #16]
28: e58d3018 str r3, [sp, #24]
2c: e59d2010 ldr r2, [sp, #16]
30: e59d3014 ldr r3, [sp, #20]
34: e0823003 add r3, r2, r3
38: e58d3010 str r3, [sp, #16]
3c: e59d3018 ldr r3, [sp, #24]
40: e58d3014 str r3, [sp, #20]
44: e59d300c ldr r3, [sp, #12]
48: e2833001 add r3, r3, #1
4c: e58d300c str r3, [sp, #12]
50: e59d200c ldr r2, [sp, #12]
54: e59d3004 ldr r3, [sp, #4]
58: e1520003 cmp r2, r3
5c: dafffff0 ble 24 <fib+0x24>
60: e59d3010 ldr r3, [sp, #16]
64: e58d301c str r3, [sp, #28]
68: e59d301c ldr r3, [sp, #28]
6c: e1a00003 mov r0, r3
70: e28dd020 add sp, sp, #32
74: e12fff1e bx lr

00000078 <main>:
78: e52de004 push {lr}
7c: e24dd00c sub sp, sp, #12
80: e3a03f4b mov r3, #300
84: e58d3004 str r3, [sp, #4]
88: e59d0004 ldr r0, [sp, #4]
8c: ebffffdb bl 0 <fib>
90: e1a03000 mov r3, r0
94: e1a00003 mov r0, r3
98: e28dd00c add sp, sp, #12
9c: e49de004 pop {lr}
a0: e12fff1e bx lr� �

Listing 1. Binary Search Program

ENTRY

120 stmdb sp!,{lr}

END

124 sub sp,sp,#12

128 mov r3,#300

132 str r3,[sp,#4]

136 ldr r0,[sp,#4]

140 bl 0

0 sub sp,sp,#32

4 str r0,[sp,#4]

8 mov r3,#1

12 str r3,[sp,#16]

16 mov r3,#0

20 str r3,[sp,#20]

24 mov r3,#2

28 str r3,[sp,#12]

32 b 50

80 ldr r2,[sp,#12]

84 ldr r3,[sp,#4]

88 cmps r2,r3

92 ble 24

36 ldr r3,[sp,#16]96 ldr r3,[sp,#16]

40 str r3,[sp,#24]

44 ldr r2,[sp,#16]

48 ldr r3,[sp,#20]

52 add r3,r2,r3

56 str r3,[sp,#16]

60 ldr r3,[sp,#24]

64 str r3,[sp,#20]

68 ldr r3,[sp,#12]

72 add r3,r3,#1

76 str r3,[sp,#12]

100 str r3,[sp,#28]

104 ldr r3,[sp,#28]

108 mov r0,r3

112 add sp,sp,#32

116 bx lr

144 mov r3,r0

148 mov r0,r3

152 add sp,sp,#12

156 ldmia sp!,{lr}

160 bx lr
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00000000 <fib>:

0: e24dd020 sub sp, sp, #32
4: e58d0004 str r0, [sp, #4]
8: e3a03001 mov r3, #1
c: e58d3010 str r3, [sp, #16]
10: e3a03000 mov r3, #0
14: e58d3014 str r3, [sp, #20]
18: e3a03002 mov r3, #2
1c: e58d300c str r3, [sp, #12]
20: ea00000a b 50 <fib+0x50>
24: e59d3010 ldr r3, [sp, #16]
28: e58d3018 str r3, [sp, #24]
2c: e59d2010 ldr r2, [sp, #16]
30: e59d3014 ldr r3, [sp, #20]
34: e0823003 add r3, r2, r3
38: e58d3010 str r3, [sp, #16]
3c: e59d3018 ldr r3, [sp, #24]
40: e58d3014 str r3, [sp, #20]
44: e59d300c ldr r3, [sp, #12]
48: e2833001 add r3, r3, #1
4c: e58d300c str r3, [sp, #12]
50: e59d200c ldr r2, [sp, #12]
54: e59d3004 ldr r3, [sp, #4]
58: e1520003 cmp r2, r3
5c: dafffff0 ble 24 <fib+0x24>
60: e59d3010 ldr r3, [sp, #16]
64: e58d301c str r3, [sp, #28]
68: e59d301c ldr r3, [sp, #28]
6c: e1a00003 mov r0, r3
70: e28dd020 add sp, sp, #32
74: e12fff1e bx lr

00000078 <main>:
78: e52de004 push {lr}
7c: e24dd00c sub sp, sp, #12
80: e3a03f4b mov r3, #300
84: e58d3004 str r3, [sp, #4]
88: e59d0004 ldr r0, [sp, #4]
8c: ebffffdb bl 0 <fib>
90: e1a03000 mov r3, r0
94: e1a00003 mov r0, r3
98: e28dd00c add sp, sp, #12
9c: e49de004 pop {lr}
a0: e12fff1e bx lr� �

Listing 1. Binary Search Program

ENTRY

120 stmdb sp!,{lr}

END

124 sub sp,sp,#12

128 mov r3,#300

132 str r3,[sp,#4]

136 ldr r0,[sp,#4]

140 bl 0

0 sub sp,sp,#32

4 str r0,[sp,#4]

8 mov r3,#1

12 str r3,[sp,#16]

16 mov r3,#0

20 str r3,[sp,#20]

24 mov r3,#2

28 str r3,[sp,#12]

32 b 50

80 ldr r2,[sp,#12]

84 ldr r3,[sp,#4]

88 cmps r2,r3

92 ble 24

36 ldr r3,[sp,#16]96 ldr r3,[sp,#16]

40 str r3,[sp,#24]

44 ldr r2,[sp,#16]

48 ldr r3,[sp,#20]

52 add r3,r2,r3

56 str r3,[sp,#16]

60 ldr r3,[sp,#24]

64 str r3,[sp,#20]

68 ldr r3,[sp,#12]

72 add r3,r3,#1

76 str r3,[sp,#12]

100 str r3,[sp,#28]

104 ldr r3,[sp,#28]

108 mov r0,r3

112 add sp,sp,#32

116 bx lr

144 mov r3,r0

148 mov r0,r3

152 add sp,sp,#12

156 ldmia sp!,{lr}

160 bx lr
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WCET-Equivalent Fibonnacci 

� �
00000000 <fib>:

0: e24dd020 sub sp, sp, #32
4: e58d0004 str r0, [sp, #4]
8: e3a03001 mov r3, #1
c: e58d3010 str r3, [sp, #16]
10: e3a03000 mov r3, #0
14: e58d3014 str r3, [sp, #20]
18: e3a03002 mov r3, #2
1c: e58d300c str r3, [sp, #12]
20: ea00000a b 50 <fib+0x50>
24: e59d3010 ldr r3, [sp, #16]
28: e58d3018 str r3, [sp, #24]
2c: e59d2010 ldr r2, [sp, #16]
30: e59d3014 ldr r3, [sp, #20]
34: e0823003 add r3, r2, r3
38: e58d3010 str r3, [sp, #16]
3c: e59d3018 ldr r3, [sp, #24]
40: e58d3014 str r3, [sp, #20]
44: e59d300c ldr r3, [sp, #12]
48: e2833001 add r3, r3, #1
4c: e58d300c str r3, [sp, #12]
50: e59d200c ldr r2, [sp, #12]
54: e59d3004 ldr r3, [sp, #4]
58: e1520003 cmp r2, r3
5c: dafffff0 ble 24 <fib+0x24>
60: e59d3010 ldr r3, [sp, #16]
64: e58d301c str r3, [sp, #28]
68: e59d301c ldr r3, [sp, #28]
6c: e1a00003 mov r0, r3
70: e28dd020 add sp, sp, #32
74: e12fff1e bx lr

00000078 <main>:
78: e52de004 push {lr}
7c: e24dd00c sub sp, sp, #12
80: e3a03f4b mov r3, #300
84: e58d3004 str r3, [sp, #4]
88: e59d0004 ldr r0, [sp, #4]
8c: ebffffdb bl 0 <fib>
90: e1a03000 mov r3, r0
94: e1a00003 mov r0, r3
98: e28dd00c add sp, sp, #12
9c: e49de004 pop {lr}
a0: e12fff1e bx lr� �

Listing 1. Binary Search Program

ENTRY

120 stmdb sp!,{lr}

END

124 sub sp,sp,#12

128 mov r3,#300

132 str r3,[sp,#4]

136 ldr r0,[sp,#4]

140 bl 0

0 sub sp,sp,#32

4 str r0,[sp,#4]

8 mov r3,#1

12 str r3,[sp,#16]

16 mov r3,#0

20 str r3,[sp,#20]

24 mov r3,#2

28 str r3,[sp,#12]

32 b 50

80 ldr r2,[sp,#12]

84 ldr r3,[sp,#4]

88 cmps r2,r3

92 ble 24

36 ldr r3,[sp,#16]96 ldr r3,[sp,#16]

40 str r3,[sp,#24]

44 ldr r2,[sp,#16]

48 ldr r3,[sp,#20]

52 add r3,r2,r3

56 str r3,[sp,#16]

60 ldr r3,[sp,#24]

64 str r3,[sp,#20]

68 ldr r3,[sp,#12]

72 add r3,r3,#1

76 str r3,[sp,#12]

100 str r3,[sp,#28]

104 ldr r3,[sp,#28]

108 mov r0,r3

112 add sp,sp,#32

116 bx lr

144 mov r3,r0

148 mov r0,r3

152 add sp,sp,#12

156 ldmia sp!,{lr}

160 bx lr

� �
00000000 <fib>:

0: e24dd020 sub sp, sp, #32
4: e58d0004 str r0, [sp, #4]
8: e3a03001 mov r3, #1
c: e58d3010 str r3, [sp, #16]
10: e3a03000 mov r3, #0
14: e58d3014 str r3, [sp, #20]
18: e3a03002 mov r3, #2
1c: e58d300c str r3, [sp, #12]
20: ea00000a b 50 <fib+0x50>
24: e59d3010 ldr r3, [sp, #16]
28: e58d3018 str r3, [sp, #24]
2c: e59d2010 ldr r2, [sp, #16]
30: e59d3014 ldr r3, [sp, #20]
34: e0823003 add r3, r2, r3
38: e58d3010 str r3, [sp, #16]
3c: e59d3018 ldr r3, [sp, #24]
40: e58d3014 str r3, [sp, #20]
44: e59d300c ldr r3, [sp, #12]
48: e2833001 add r3, r3, #1
4c: e58d300c str r3, [sp, #12]
50: e59d200c ldr r2, [sp, #12]
54: e59d3004 ldr r3, [sp, #4]
58: e1520003 cmp r2, r3
5c: dafffff0 ble 24 <fib+0x24>
60: e59d3010 ldr r3, [sp, #16]
64: e58d301c str r3, [sp, #28]
68: e59d301c ldr r3, [sp, #28]
6c: e1a00003 mov r0, r3
70: e28dd020 add sp, sp, #32
74: e12fff1e bx lr

00000078 <main>:
78: e52de004 push {lr}
7c: e24dd00c sub sp, sp, #12
80: e3a03f4b mov r3, #300
84: e58d3004 str r3, [sp, #4]
88: e59d0004 ldr r0, [sp, #4]
8c: ebffffdb bl 0 <fib>
90: e1a03000 mov r3, r0
94: e1a00003 mov r0, r3
98: e28dd00c add sp, sp, #12
9c: e49de004 pop {lr}
a0: e12fff1e bx lr� �

Listing 1. Binary Search Program

ENTRY

120 stmdb sp!,{lr}

END

124 sub sp,sp,#12

128 mov r3,#300

132 str r3,[sp,#4]

136 ldr r0,[sp,#4]

140 bl 0

0 sub sp,sp,#32

4 str r0,[sp,#4]

8 mov r3,#1

12 str r3,[sp,#16]

16 mov r3,#0

20 str r3,[sp,#20]

24 mov r3,#2

28 str r3,[sp,#12]

32 b 50

80 ldr r2,[sp,#12]

84 ldr r3,[sp,#4]

88 cmps r2,r3

92 ble 24

36 ldr r3,[sp,#16]96 ldr r3,[sp,#16]

40 str r3,[sp,#24]

44 ldr r2,[sp,#16]

48 ldr r3,[sp,#20]

52 add r3,r2,r3

56 str r3,[sp,#16]

60 ldr r3,[sp,#24]

64 str r3,[sp,#20]

68 ldr r3,[sp,#12]

72 add r3,r3,#1

76 str r3,[sp,#12]

100 str r3,[sp,#28]

104 ldr r3,[sp,#28]

108 mov r0,r3

112 add sp,sp,#32

116 bx lr

144 mov r3,r0

148 mov r0,r3

152 add sp,sp,#12

156 ldmia sp!,{lr}

160 bx lr

Size of Aut(P): CFG + 
r0,r2,r3,stack_3020,stack_3028,stack_3052  
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Slicing ... Can also be Used to Build CFG 

ENTRY

120 stmdb sp!,{lr}

124 sub sp,sp,#12

128 mov r3,#300

132 str r3,[sp,#4]

136 ldr r0,[sp,#4]

140 bl 0

0 sub sp,sp,#32

4 str r0,[sp,#4]

8 mov r3,#1

12 str r3,[sp,#16]

16 mov r3,#0

20 str r3,[sp,#20]

24 mov r3,#2

28 str r3,[sp,#12]

32 b 50

80 ldr r2,[sp,#12]

84 ldr r3,[sp,#4]

88 cmps r2,r3

92 ble 24

36 ldr r3,[sp,#16] 96 ldr r3,[sp,#16]

40 str r3,[sp,#24]

44 ldr r2,[sp,#16]

48 ldr r3,[sp,#20]

52 add r3,r2,r3

56 str r3,[sp,#16]

60 ldr r3,[sp,#24]

64 str r3,[sp,#20]

68 ldr r3,[sp,#12]

72 add r3,r3,#1

76 str r3,[sp,#12]

100 str r3,[sp,#28]

104 ldr r3,[sp,#28]

108 mov r0,r3

112 add sp,sp,#32

116 bx lr

EXIT_0x100807a00

ENTRY

120 stmdb sp!,{lr}

124 sub sp,sp,#12

128 mov r3,#300

132 str r3,[sp,#4]

136 ldr r0,[sp,#4]

140 bl 0

0 sub sp,sp,#32

4 str r0,[sp,#4]

8 mov r3,#1

12 str r3,[sp,#16]

16 mov r3,#0

20 str r3,[sp,#20]

24 mov r3,#2

28 str r3,[sp,#12]

32 b 50

80 ldr r2,[sp,#12]

84 ldr r3,[sp,#4]

88 cmps r2,r3

92 ble 24

36 ldr r3,[sp,#16]

96 ldr r3,[sp,#16]

40 str r3,[sp,#24]

44 ldr r2,[sp,#16]

48 ldr r3,[sp,#20]

52 add r3,r2,r3

56 str r3,[sp,#16]

60 ldr r3,[sp,#24]

64 str r3,[sp,#20]

68 ldr r3,[sp,#12]

72 add r3,r3,#1

76 str r3,[sp,#12]

100 str r3,[sp,#28]

104 ldr r3,[sp,#28]

108 mov r0,r3

112 add sp,sp,#32

116 bx lr

144 mov r3,r0

148 mov r0,r3

152 add sp,sp,#12

156 ldmia sp!,{lr}

160 bx lr

EXIT_0x100807a00
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Slicing ... Can also be Used to Build CFG 

ENTRY

120 stmdb sp!,{lr}

124 sub sp,sp,#12

128 mov r3,#300

132 str r3,[sp,#4]

136 ldr r0,[sp,#4]

140 bl 0

0 sub sp,sp,#32

4 str r0,[sp,#4]

8 mov r3,#1

12 str r3,[sp,#16]

16 mov r3,#0

20 str r3,[sp,#20]

24 mov r3,#2

28 str r3,[sp,#12]

32 b 50

80 ldr r2,[sp,#12]

84 ldr r3,[sp,#4]

88 cmps r2,r3

92 ble 24

36 ldr r3,[sp,#16] 96 ldr r3,[sp,#16]

40 str r3,[sp,#24]

44 ldr r2,[sp,#16]

48 ldr r3,[sp,#20]

52 add r3,r2,r3

56 str r3,[sp,#16]

60 ldr r3,[sp,#24]

64 str r3,[sp,#20]

68 ldr r3,[sp,#12]

72 add r3,r3,#1

76 str r3,[sp,#12]

100 str r3,[sp,#28]

104 ldr r3,[sp,#28]

108 mov r0,r3

112 add sp,sp,#32

116 bx lr

EXIT_0x100807a00

ENTRY

120 stmdb sp!,{lr}

124 sub sp,sp,#12

128 mov r3,#300

132 str r3,[sp,#4]

136 ldr r0,[sp,#4]

140 bl 0

0 sub sp,sp,#32

4 str r0,[sp,#4]

8 mov r3,#1

12 str r3,[sp,#16]

16 mov r3,#0

20 str r3,[sp,#20]

24 mov r3,#2

28 str r3,[sp,#12]

32 b 50

80 ldr r2,[sp,#12]

84 ldr r3,[sp,#4]

88 cmps r2,r3

92 ble 24

36 ldr r3,[sp,#16]

96 ldr r3,[sp,#16]

40 str r3,[sp,#24]

44 ldr r2,[sp,#16]

48 ldr r3,[sp,#20]

52 add r3,r2,r3

56 str r3,[sp,#16]

60 ldr r3,[sp,#24]

64 str r3,[sp,#20]

68 ldr r3,[sp,#12]

72 add r3,r3,#1

76 str r3,[sp,#12]

100 str r3,[sp,#28]

104 ldr r3,[sp,#28]

108 mov r0,r3

112 add sp,sp,#32

116 bx lr

144 mov r3,r0

148 mov r0,r3

152 add sp,sp,#12

156 ldmia sp!,{lr}

160 bx lr

EXIT_0x100807a00
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Slicing ... Can also be Used to Build CFG 

ENTRY

120 stmdb sp!,{lr}

124 sub sp,sp,#12

128 mov r3,#300

132 str r3,[sp,#4]

136 ldr r0,[sp,#4]

140 bl 0

0 sub sp,sp,#32

4 str r0,[sp,#4]

8 mov r3,#1

12 str r3,[sp,#16]

16 mov r3,#0

20 str r3,[sp,#20]

24 mov r3,#2

28 str r3,[sp,#12]

32 b 50

80 ldr r2,[sp,#12]

84 ldr r3,[sp,#4]

88 cmps r2,r3

92 ble 24

36 ldr r3,[sp,#16] 96 ldr r3,[sp,#16]

40 str r3,[sp,#24]

44 ldr r2,[sp,#16]

48 ldr r3,[sp,#20]

52 add r3,r2,r3

56 str r3,[sp,#16]

60 ldr r3,[sp,#24]

64 str r3,[sp,#20]

68 ldr r3,[sp,#12]

72 add r3,r3,#1

76 str r3,[sp,#12]

100 str r3,[sp,#28]

104 ldr r3,[sp,#28]

108 mov r0,r3

112 add sp,sp,#32

116 bx lr

EXIT_0x100807a00

ENTRY

120 stmdb sp!,{lr}

124 sub sp,sp,#12

128 mov r3,#300

132 str r3,[sp,#4]

136 ldr r0,[sp,#4]

140 bl 0

0 sub sp,sp,#32

4 str r0,[sp,#4]

8 mov r3,#1

12 str r3,[sp,#16]

16 mov r3,#0

20 str r3,[sp,#20]

24 mov r3,#2

28 str r3,[sp,#12]

32 b 50

80 ldr r2,[sp,#12]

84 ldr r3,[sp,#4]

88 cmps r2,r3

92 ble 24

36 ldr r3,[sp,#16]

96 ldr r3,[sp,#16]

40 str r3,[sp,#24]

44 ldr r2,[sp,#16]

48 ldr r3,[sp,#20]

52 add r3,r2,r3

56 str r3,[sp,#16]

60 ldr r3,[sp,#24]

64 str r3,[sp,#20]

68 ldr r3,[sp,#12]

72 add r3,r3,#1

76 str r3,[sp,#12]

100 str r3,[sp,#28]

104 ldr r3,[sp,#28]

108 mov r0,r3

112 add sp,sp,#32

116 bx lr

144 mov r3,r0

148 mov r0,r3

152 add sp,sp,#12

156 ldmia sp!,{lr}

160 bx lr

EXIT_0x100807a00

ENTRY

120 stmdb sp!,{lr}

124 sub sp,sp,#12

128 mov r3,#300

132 str r3,[sp,#4]

136 ldr r0,[sp,#4]

140 bl 0

0 sub sp,sp,#32

4 str r0,[sp,#4]

8 mov r3,#1

12 str r3,[sp,#16]

16 mov r3,#0

20 str r3,[sp,#20]

24 mov r3,#2

28 str r3,[sp,#12]

32 b 50

80 ldr r2,[sp,#12]

84 ldr r3,[sp,#4]

88 cmps r2,r3

92 ble 24

36 ldr r3,[sp,#16] 96 ldr r3,[sp,#16]

40 str r3,[sp,#24]

44 ldr r2,[sp,#16]

48 ldr r3,[sp,#20]

52 add r3,r2,r3

56 str r3,[sp,#16]

60 ldr r3,[sp,#24]

64 str r3,[sp,#20]

68 ldr r3,[sp,#12]

72 add r3,r3,#1

76 str r3,[sp,#12]

100 str r3,[sp,#28]

104 ldr r3,[sp,#28]

108 mov r0,r3

112 add sp,sp,#32

116 bx lr

EXIT_0x100807a00

ENTRY

120 stmdb sp!,{lr}

124 sub sp,sp,#12

128 mov r3,#300

132 str r3,[sp,#4]

136 ldr r0,[sp,#4]

140 bl 0

0 sub sp,sp,#32

4 str r0,[sp,#4]

8 mov r3,#1

12 str r3,[sp,#16]

16 mov r3,#0

20 str r3,[sp,#20]

24 mov r3,#2

28 str r3,[sp,#12]

32 b 50

80 ldr r2,[sp,#12]

84 ldr r3,[sp,#4]

88 cmps r2,r3

92 ble 24

36 ldr r3,[sp,#16]

96 ldr r3,[sp,#16]

40 str r3,[sp,#24]

44 ldr r2,[sp,#16]

48 ldr r3,[sp,#20]

52 add r3,r2,r3

56 str r3,[sp,#16]

60 ldr r3,[sp,#24]

64 str r3,[sp,#20]

68 ldr r3,[sp,#12]

72 add r3,r3,#1

76 str r3,[sp,#12]

100 str r3,[sp,#28]

104 ldr r3,[sp,#28]

108 mov r0,r3

112 add sp,sp,#32

116 bx lr

144 mov r3,r0

148 mov r0,r3

152 add sp,sp,#12

156 ldmia sp!,{lr}

160 bx lr

EXIT_0x100807a00
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Pipeline (except Memory stage) 

fetch_completed!

prog_completed?

decode!
copy(me,me+1)

CacheReadEnd[INSTR_CACHE]?

CacheReadStart[INSTR_CACHE]!
!stall()
fetch?
n_steps++

t<=CYCLE

decode_completed!

fetch_completed?
!stall()
execute!
copy(me,me+1)

t==CYCLE

decode? t=0

t<=DUR_INSTR

memory!
copy(me,me+1)execute_completed!

decode_completed? t==DUR_INSTR

execute?
t=0,DUR_INSTR=dur()

t<=CYCLE

num_word[me]>0

dataAdr[me]=dataAdr[me]+BLK_SIZE

num_word[me]==0

CacheWriteEnd[DATA_CACHE]?

CacheReadEnd[DATA_CACHE]?

!is_ldx()
CacheWriteStart[DATA_CACHE]!
CD=dataAdr[me],
num_word[me]--

is_ldx()
CacheReadStart[DATA_CACHE]!

CD=dataAdr[me],
num_word[me]--

Todo[me-1] && is_mem_transaction()
memory?
t=0

memory_completed!

execute_completed?

writeback!
copy(me,me+1)

t==CYCLE

!Todo[me-1] || !is_mem_transaction()
memory? t=0

DONE

t<=CYCLEmemory_completed?
t=0 t==CYCLE

clean()

writeback? t=0
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Hardware Formal Models: Memory Stage of Pipeline 

t<=CYCLE

num_word[me]>0

dataAdr[me]=dataAdr[me]+BLK_SIZE

num_word[me]==0

CacheWriteEnd[DATA_CACHE]?

CacheReadEnd[DATA_CACHE]?

!is_ldx()
CacheWriteStart[DATA_CACHE]!
CD=dataAdr[me],
num_word[me]--

is_ldx()
CacheReadStart[DATA_CACHE]!

CD=dataAdr[me],
num_word[me]--

Todo[me-1] && is_mem_transaction()
memory?
t=0

memory_completed!

execute_completed?

writeback!
copy(me,me+1)

t==CYCLE

!Todo[me-1] || !is_mem_transaction()
memory? t=0
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Caches and Main Memory 

x<=CACHE_SPEED

CacheReadStart[num]?

PMT=is_in(m)?0:insert(m)

initialize?
initCache()

x==CACHE_SPEED
CacheReadEnd[num]!

PMT==0 Hurry! x=0

MainMemEnd?
PMT--

PMT>0
MainMemStart!
ICcachemiss++

t<=MAINMEMTRANS

MainMemEndWB?MainMemStartWB?

t==MAINMEMTRANS
MainMemEnd!

MainMemStart? t=0

x<=6

x==6
MainMemEndWB!
nb--

nb>0
MainMemStartWB!

x=0
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Data Cache 

x<=1

x<=CACHE_SPEED

x==1 x>1

x<=1

index(A)!=index(local_m)
WriteHit!

!write_hit && 
index(A)==index(local_m)
WriteHit!

is_in(m)
PMT=update(m,1),x=0

!is_in(m)
x=0,
DatacachemissW++

CacheWriteStart[num]?
op_write=1,local_m=m

index(local_m)!=index(A)
Hurry!

k++

x<=1

x>1

!write_hit 
&& index(A)==index(local_m)

Hurry!
l++

x>1

x<=1

nb<4 Hurry! nb++

CacheReadEnd[num]!
op_write=0

CacheWriteEnd[num]!
op_write=0,local_m=-1

is_in(m)
PMT=update(m,0),x=0

!is_in(m)
PMT=insert(m,0),x=0

CacheReadStart[num]?
local_m=m

initialize?
initCache()

x==CACHE_SPEED && !op_write
CacheReadEnd[num]!

op_write=0,local_m=-1

PMT==0 Hurry! x=0

x==CACHE_SPEED && op_write
CacheWriteEnd[num]!

op_write=0,local_m=-1

MainMemEnd?

PMT--

PMT>0
MainMemStart!

DatacachemissR++
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Data Dependent Timing 

t<=DUR_MAX_INSTR

memory!
copy(me,me+1)execute_completed!

decode_completed?
t>=DUR_MIN_INSTR 
&& t<=DUR_MAX_INSTR

execute?
t=0,DUR_MAX_INSTR=max_dur(),
DUR_MIN_INSTR=min_dur()
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Measuring Execution Times 

in Fig. 8: when an instruction is to be performed and is memory transaction, it issues the sequence of
read/write requests to the data cache.

8 Implementation

We have implemented the construction of the CFG (Section 6) and the computation of the WCET-equivalent
program (Section 5). The architecture of our tool is given in Fig. 9. Together with a parser of ARM binary
programs this makes a few thousand C++ lines of code. We have implemented very efficient versions of
post-dominators algorithms [23,18] and post dominance frontiers algorithms [13] as they are used inten-
sively both in Compute CFG and Compute WCET-equiv. To obtain the binary program we use the
GCC tool suite (gcc, objdump) from Codesourcery [12].

Our tool produces a bundle of files: a ready-to-analyse file containing the UPPAAL timed automata
models of the program P � and the hardware models14 CFG(P �); a dot file with the graph of P � and a
ready-to-compile C++ file that contains a simulator of the program P �. This last file can be compiled and
used to compute useful information like the ranges of registers. Notice that during the first phase Compute
CFG we compute the range of the stack pointer and thus the tool can also be used as a stack analyser. To
compute the WCET we check property R(K) (Section 5.2) using UPPAAL.

For the binary programs we have analysed, the time it takes to compute the output file from a binary
program is negligible (less than a second). The automata of the programs of Table 1 and the dot graphs are
available from http://www.irccyn.fr/franck/wcet.

9 Experiments

9.1 Methodology

The program P to analyse is encapsulated in a template function: an example of use is given for program
FIBO in Listing 1.2.

� �
#define timerToCPUClockRatio 12

main ()
{

i n t result;
unsigned i n t start;
unsigned i n t stop;

start = timerGetValue(1);
result = fib(300);
stop = timerGetValue(1);
printf("fib(300): %d, time=%lu\n", result,

(stop-start)*timerToCPUClockRatio);
while (1);

}� �
Listing 1.2. Code snippet of instrumentation with FIBO

Given P , we let t(P ) be the encapsulated program. Measurement the execution-time of P consists in (1)
reading a hardware timer (timerGetValue) into a start variable, (2) calling the program P , and (3)
reading the timer again in a stop variable and (4) printing15 the difference stop � start. The function
timerGetValue (assembly code) has been designed to read a hardware timer (See next paragraph).

The measurement error is is +/�12 processor cycles. The program t(P ) is compiled and linked. Running
it on the ARM9 will print out the number of cycles taken by the program P : this figure is given in column
“Measured WCET” in Table 1.

To faithfully compute the WCET of P using our method, we take as input of our tool chain t(P ). t(P )
is transformed (using Compute CFG and Slice) into a UPPAAL automaton as described in Section 8. In
14 The layout of the CFG is produced using dot, http://www.graphviz.org/.
15 the Armadeus APF9328 board has a serial interface and in-rom drivers and printf function.

13

±
• Embedded hardware timer: 1/12th of processor clock frequency

• measurement error is ±24 cycles

• a program executing in � 1200 cycles may be accurately mea-

sured

less than 1% of measurement error
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Experimental Results 

Program� loc†
UPPAAL

Time/States Explored¶

Computed
BCET/WCET (C)

Measured
BCET/WCET (M) Error (%)‡ Slice§

Single-Path Programs
fib-O0 74 2s/74181 8098 8064 0.42% 47/131
fib-O1 74 0.6s/22333 2597 2544 2.0% 18/72
fib-O2 74 0.3s/9711 1209 1164 3.8% 22/71
janne-complex-O0⇤ 65 1.7s/38038 4264 4164 2.4% 78/173
janne-complex-O1⇤ 65 0.5s/14600 1715 1680 2.0% 30/89
janne-complex-O2⇤ 65 0.5s/13004 1557 1536 1.3% 32/78
fdct-O1 238 21s/60534 4245 4092 3.7% 100/363
fdct-O2 238 3.24s/55285 19231 18984 1.3% 166/3543

Single-Path Programs‡ with MUL/MLA/SMULL instructions (duration of instruction depends on data)
fdct-O0 238 124s/85008 11242/11800 11448 3.0% 253/831
matmult-O0⇤ 162 217s/10531262 502849/529250 511584/528684 0.1% 158/314
matmult-O1⇤ 162 25s/1112527 129967/156367 127356/153000 2.2% 71/172
matmult-O2⇤ 162 121s/6780931 122045/148299 116844/140664 5.4% 75/288
jfdcint-O0 374 92s/100861 12726/12918 12588 2.6% 159/792
jfdcint-O1 374 12s/35419 4880/5072 4668 8.6% 25/325
jfdcint-O2 374 5.38s/175661 [16746,16938] 16380 3.4% 56/2512

Multiple-Path Programs
bs-O0 174 30s/1421274 478/1068 1056 1.1% 75/151
bs-O1 174 23s/1214673 321/738 720 2.5% 28/82
bs-O2 174 12s/655870 273/628 600 4.6% 28/65
cnt-O0⇤ 115 4s/77002 9025/9027 8836 2.1% 99/235
cnt-O1⇤ 115 1.4s/27146 4123/4123 3996 3.1% 42/129
cnt-O2⇤ 115 9s/11490 3067/3067 2928 4.6% 39/263
insertsort-O0⇤ 91 598.98s/24250738 3133 3108 0.8% 79/175
insertsort-O1⇤ 91 353.80s/11455293 1533 1500 2.2% 40/115
insertsort-O2⇤ 91 11.68s/387292 1326 1320 0.4% 43/108
ns-O0⇤ 497 60s/3064316 940/30968 30732 0.8% 132/215
ns-O1⇤ 497 8s/368720 605/11701 11568 1.1% 61/124
ns-O2⇤ 497 55s/1030746 441/7280 7236 0.6% 566/863

� file-Ox indicates that file was compiled using gcc -Ox
† lines of code in the C source file
‡

(C�M)
M ⇥ 100 computed using the upper bound for C and M

§Instructions in Slice/Instructions in Program
⇤Program selected for the WCET Challenge 2006
¶UPPAAL 4.1.11/Intel Pentium 5/3.1Ghz/16GB
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Distribution of Execution Times 

UPPAAL Statistical Model Checking: Sorting Algorithm (insertsort-O2) 

Almost Sorted 
List 

No Assumption 
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Conclusion 

Experiments to evaluate tightness of results

• method to measure execution-times on ARM920T

• evaluation on benchmarks from Malardalen, Sweden

• over-approximation is less than 5%

Fully automatic computation of WCET

• Computation of CFG of binary programs + reduced program

Program slicing

• Formal models of hardware (pipeline and caches)

Identification of hardware features

• Computation of WCET as a reachability property

Real-time model-checking with UPPAAL

Advantages of our method

• Modular

• Fully automatic

• Can easily accommodate new features
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Ongoing Work 

•  Support for new architectures 
–  Multi-core 

–  Assembly languages 

•  Improved Analysis 
–  Interpolant automata for programs 

•  Computation of most unfavorable initial cache state 
–  Interpolant 
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Evaluation of WCET Techniques and Tools 

14 Lili Tan

Table 5 Estimated WCET Values in Cycles with Annotations

Nr. Benchmarks aiT aiT aiT Chronos Chronos Chronos
V1 V2 V3 V9 V10 V11

1 adpcm 558342 1375886 430274 265588 347742 317354
2 cnt 20250 17053 7376 4896 6438 5401
3 compress 37570 20280 9461 5873 29215 28487
4 cover 10452 6780 5006 N/A1 N/A1 N/A1
5 crc 275910 213337 98830 47786 61849 53275
6 du� 7196 4612 1355 N/A1 N/A1 N/A1
7 edn 927068 307889 88381 89401 113612 89030
8 insertsorts 4870 3992 1838 901 1549 1245
9 janne complex 1330 829 383 189 800 789
10 matmult 956710 N/A3 237736 186903 191615 119526
11 ndes 453348 194448 130025 66655 107589 85918
12 ns 75712 38043 18215 8199 9991 8676
13 nsichneu 29840 18827 8327 13609 97908 97525
14 recursion 10076 7451 5527 N/A1 N/A1 N/A1
15 statemate 2620 3812 1294 2007 16185 16103

N/A1 = The tool does not handle this problems with the release at that time.
N/A3 = Memory exhausted in the test computer.

Table 6 Measured and Simulated Execution Times

Nr. Benchmarks aiT aiT aiT Chronos Chronos Chronos
V1 V2 V3 V9 V10 V11

1 adpcm bu�er bu�er bu�er 160891 183526 126258
2 cnt 19622 16853 7235 4792 5586 3515
3 compress 27308 19970 6824 5859 7504 4744
4 cover 10080 6778 4299 N/A N/A N/A
5 crc bu�er bu�er bu�er 22688 26861 18098
6 du� 6919 4610 1028 N/A N/A N/A
7 edn 838686 299734 bu�er 87444 108973 62995
8 insertsorts 4720 3990 1770 897 1364 949
9 janne complex 1294 827 359 185 454 356
10 matmult 936602 438435 bu�er 186899 185937 90834
11 ndes 401294 190530 bu�er 65600 86639 53625
12 ns 73738 36097 bu�er 6577 7568 4784
13 nsichneu 28328 18825 8052 6305 42966 40931
14 recursion 8318 7143 5096 N/A N/A N/A
15 statemate 2486 3810 1260 1120 6207 5898

N/A = not applicable.
bu�er = Because of the bu�er limitation, it is not possible to measure the WCETs.

•  WCET 2006 challenge 

[1] Lili Tan

The Worst Case Execution Time Tool Challenge 2006: The External Test

Leveraging Applications of Formal Methods, pp 241–248, 2006



© NICTA 2013 

Evaluation of WCET Techniques and Tools (2) 

•  WCET 2006 challenge 

The Worst Case Execution Time Tool Challenge 2006: Technical Report for the External Test 15

Table 7 WCET Tightness

Nr. Benchmarks aiT aiT aiT Chronos Chronos Chronos
V1 V2 V3 V9 V10 V11

1 adpcm N/A N/A N/A 65.07% 89.48% 151.35%
2 cnt 3.2 % 1.19% 1.95% 2.17% 15.25% 53.66%
3 compress 37.58% 1.55% 38.64% 0.24% 289.33% 500.48%
4 cover 3.69% 0.03% 16.45% N/A N/A N/A
5 crc N/A N/A N/A 110.62% 130.26% 194.37%
6 du� 4.05% 0.04% 31.81% N/A N/A N/A
7 edn 10.54% 2.72% N/A 2.24% 4.26% 41.33%
8 insertsorts 3.18% 0.05% 3.84% 0.45% 13.56% 31.19%
9 janne complex 2.7% 0.24% 6.69% 2.16% 76.21% 121.63%
10 matmult 2.15% N/A N/A 0.0% 3.05% 31.59%
11 ndes 12.97% 2.06% N/A 1.61% 24.18% 60.22%
12 ns 2.68% 5.39% N/A 24.66% 32.02% 81.35%
13 nsichneu 5.34% 0.01% 3.42% 115.84% 127.87% 138.27%
14 recursion 21.13% 4.31% 8.46% N/A N/A N/A
15 statemate 5.39% 0.05% 2.7% 79.2% 160.75% 132.02%

N/A = not applicable.

Table 8 Usability Assessment: Taking into account both the Mälardalen and the PapaBench Benchmark Programs

Tool Average Tightness Warning of Accomplishment of Acceptability in
for Annotation Annotation Errors Intended Tasks in Time Analysis Time

aiT aiT GUI, aiSee GDL, Cases were found. Yes Acceptable
Hints, Links, User manual.

Bound-T Run messages, Graph, No case was founded. Generally yes Generally acceptable
User manual.

SWEET Run messages, Graphs. No case was founded. Yes Mostly acceptable
Chronos GUI1, User manual. No case was founded. Generally yes Good2

GUI1 = Chronos GUI could not be tested in the challenge.
Good2 = Test withinteger linear programming solver CPLEX.
Acceptable = Average analysis time and their variations are within a few seconds or minutes.

Table 9 Overview of Functional and Service Quality of WCET Tools

Tool Average Benchmarks Benchmarks Benchmarks Average
Tightness not Handled Analyzed under Test Service Rate

by the Tool

aiT 7-8% 0 17 17 100%
Bound-T N/A 4 13 17 76.5%
SWEET N/A 2 15 17 88.2%
Chronos 81-89% 4 13 17 76.5%

Tool Programs Analyzed Programs Tasks Average Complexity of
Without Annotation under Test Automation Rate Processor Supported*

aiT 45 84 54% Simple, Medium,
Very Complex

Bound-T 13 51 26% Simple, Medium
SWEET 15 17 88% Medium
Chronos 12 51 24% Configurable

Simulated Processor

N/A = No measured WCET was available and no WCET tightness was available at this time.
* = The classification of the processors type is based on the challenge statement.

[1] Lili Tan

The Worst Case Execution Time Tool Challenge 2006: The External Test

Leveraging Applications of Formal Methods, pp 241–248, 2006
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Evaluation of WCET Techniques and Tools (3) 

•  METAMOC 
WCET2010 - LRU

Side 1

ATMEL ARM9 ARM9 ARM9 ARM9 ARM9 ARM9 Improvements in cyclecounts
Baseline I cache I+D cache

O2 O2 O2 O2 O2 O2 O2
Data-cache -
Instr.-cache - miss
Value-analysis No No No No Yes Yes Yes

OOM 19829472 OOM/error OOM/error 1.0000000 0.0000000 0.0000000
1:44:19 20:12.95 1:46.67 4:44.83

146 3666 964 640 1.0000000 0.2629569 0.1745772
0:03.66 0:01.09 0:01.06 0:01.27

bsort100 7997421 3425868 408715 OOM OOM/error 1.0000000 0.4283716 0.0511059
0:29.54 0:57.66 2:06.05 2:02.95 1:50.13

29572 188466 52481 6137 1.0000000 0.2784640 0.0325629
0:02.46 0:02.06 0:02.62 0:04.00

58352 158697 69488 Model invalid, manual mod. 60351 1.0000000 0.4378659 0.3802907
6:29.88 0:06.52 0:09.11 0:04.56+0:22.65 0:27.21

170959 2043591 328310 310722 1.0000000 0.1606535 0.1520471
0:36.71 0:13.42 0:26.32 0:39.83

345499 2093937 687463 431334 1.0000000 0.3283112 0.2059919
0:29.42 0:12.81 0:20.56 4:20.71

7583931 652215 31483 30577 1.0000000 0.0482709 0.0468818
4:56.17 0:04.33 0:08.75 0:12.72

906 11553 1266 683 1.0000000 0.1095819 0.0591188
0:01.43 0:01.05 0:01.02 0:01.35

4806 344234 190692 168827 1.0000000 0.5539604 0.4904425
0:02.43 0:07.10 0:08.26 41:22.70

438 13434 632 599 1.0000000 0.0470448 0.0445884
0:01.04 0:01.09 0:01.08 0:01.52

fir 782494 131508 21364 18763 1.0000000 0.1624540 0.1426757
0:25.90 0:02.02 0:02.73 0:04.53

2872 75078 43888 37814 1.0000000 0.5845654 0.5036629
0:01.26 0:01.20 0:01.31 0:02.44

OOM 57787 1883 1883 1.0000000 0.0325852 0.0325852
2:11:27 0:01.17 0:01.33 0:01.92

54383 294957 133059 111510 1.0000000 0.4511132 0.3780551
0:05.80 0:05.39 0:06.41 16:46.68

525383 5836449 2636715 712869 OOM/error 1.0000000 0.4517670 0.1221409
0:17.02 0:22.16 0:40.72 1:28.47 1:36.94

OOM 2575484 1084016 OOM/error OOM/error 1.0000000 0.0000000 0.0000000
26:47.04 2:55.38 7:33.04 8:27.09 4:25.09

13116 279579 29060 10813 1.0000000 0.1039420 0.0386760
0:01.79 0:02.20 0:03.43 0:07.09

1020957 622904 295997 1.0000000 0.6101178 0.2899211
3:04.11 3:25.56 3:37.70

prime 170806 6477669 470372 469060 1.0000000 0.0726144 0.0724119
0:12.52 1:02.36 1:56.36 2:41.87

ud 58217 1160049 175359 165814 1.0000000 0.1511652 0.1429371
0:11.81 0:07.76 0:14.64 0:23.07
3 errors / 19 benchmarks 0 errors / 21 benchmarks 1 errors / 21 benchmarks2 errors / 21 benchmarks 2 errors / 21 benchmarks 3 errors / 21 benchmarks 4 errors / 21 benchmarks

0.7223260 0.8231225

Optimization
miss_writeback miss_writeback miss_writeback Concrete, 64 lines/set, LRU Concrete, 128 lines/set, LRU Concrete, LRU

Concrete, 128 lines/set, LRU Concrete, LRU Concrete, LRU Concrete, LRU Concrete, LRU

adpcm

bs

cnt

compress

crc

edn

expint

fac

fdct

fibcall

insertsort

janne_complex

jfdctint

matmult

ndes

ns

nsichneu

Value analysis fails: 0 Value analysis fails: 0 Value analysis fails: 0
Model checking fails: 3 Model checking fails: 1 Model checking fails: 2 Model checking fails: 2 Model checking fails: 3 Model checking fails: 4

Manual modification: 1 Manual modification: 0 Manual modification: 3 Manual modification: 2 Manual modification: 1
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Pipelining 
=

F D E M W

F D E M W

F D E M Wadd r2,r2,#1

sub r3,r3,#2

ldr r1,[sp,#4]

cycle

j j+2 j+3j+1 j+4 j+5 j+6
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Pipeline Stalls 

•  Data dependences 
F D E M Wldr r2,[sp,#4]

add r1,r2,#2 F D Estall M W

cycle

j j+2 j+3j+1 j+4 j+5 j+6

F D E M W

F D E M W

ble 32

stall stall

cycle

j j+2 j+3j+1 j+4 j+5 j+6 j+7
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Pipeline Stalls 

•  Data dependences 

•  Dynamic computation of address of next instruction 

F D E M Wldr r2,[sp,#4]

add r1,r2,#2 F D Estall M W

cycle

j j+2 j+3j+1 j+4 j+5 j+6

F D E M W

F D E M W

ble 32

stall stall

cycle

j j+2 j+3j+1 j+4 j+5 j+6 j+7

F D E M Wldr r2,[sp,#4]

add r1,r2,#2 F D Estall M W

cycle

j j+2 j+3j+1 j+4 j+5 j+6

F D E M W

F D E M W

ble 32

stall stall

cycle

j j+2 j+3j+1 j+4 j+5 j+6 j+7
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Caches 

Set 1

Set 2

Set  2^n

Line size

•


