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Problem

10: ¢3a03000 z3, #0

14: e5843014 str r3, [sp, #20)
18: e3a03002 mov r3, #2

1lc: e58d4d300c str r3, [sp, #12)
20: eal0000a 50 <£ib+0x50>
24: 5933010 ldr r3, [sp, #16)
28: 5843018 str 3, [sp, #24)
2¢c: e59%42010 r2, [sp, #16)
30: 5943014 £3, [sp, #20)
34: 0823003 r3, r2, =3
38: 5843010 str r3, [sp, #16)
3c: e59%d3018 r3, [sp, #24)
40: e5843014 str 3, [sp, #20)
44: e59%4300¢c r3, [sp, #12)
48: 2833001 r3, 3, #1
4c: e584300c r3, [sp, #12)
50: e594200c r2, [sp, #12)
54: 5943004 rl, [sp, #4)
58: e1520003 r2, r3

Sc: daffffeo 24 <fib+0x24>
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’

CORRRER

WCET(H, P) — maxdeptime(H, P, d)

Program P
d€ED —> —> time(H, P, d)
Hardware H
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Real-time model-checking

Program P Hardware H
Seman‘ricsl lHDL,
Aut(P) m—— Aut(H)
Synchronization
generates CP)C Z* |----- > } ------ accepts Z*
Finite Automaton Aut(P) || Aut(H) Timed Automaton

Real-Time
Model-Checking UPPAAL
WCET(H P)
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Cache hit/miss

CacheRe%

CacheWrite(X)!
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Read/Write

cached data
HIT

Main Memory

transfer
cache update

Line size
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Pipeline Model

ARM920T

CoctafeadEaDATA CAOHED

CachaWriatndDATA CaCE?

’ fe1cn~oomoleled!‘.
r m ? du
prog_completed !stalk) :.-:’ofh.-:m-.:I\‘ATA CACHEY o)
2 COwcatalsr|vel CachaWrneSaatiDATA_CACHEN
fetchi CacheReadStar{INSTR_CACHE)! iy
Todame 1] A8 & e )'-:a'-:\ )
&’\)‘.'

n_st ++

T Yareacton()

Moooime-1)
memory? W0
~om_word] me Jee

SEece _complened?
= CYQLE

decode!

copy(me,me+1)
CacheReadEnd{INSTR_CACHE)?
Yernlry COrO el

t=0

decode?
t<=CYCLE
fetch_completed?
. t==CY
Istall() e writeback? =0
axecute!
copy(me,me+1)
decode_complated!
exocute? memory_compieted? te=CYCLE
1«0, DUR_INSTRedur() 1=0 t==CYCLE
1<=DUR_INSTR
DONE
decode_completod? 1==DUR_INSTR
memory!
copyime.me+1)

execule_completed’

Q-
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Data cache

1
CacheWriteEnd[num)]!
op_write=0 local_m=-1 x==1 1
x<=1 o
xeuCACHE_SPEED && lop_write : ) write_hit &&
___ CacheReadEndinuml . "“‘(A)h‘”“"“gj‘f"—m index(A)==index(local_m)
op_write=0,local_m=-1 initCape) S WriteHit!
xw=CACHE_SPEED && op_write i8_in{m)
CacheWriteEndinumi! PMT=update(m,1) x=0
op_write=0 local_m=-1 CacheWriteStart[num]?
op_write=1 Jocal_me=m '.
Cach@ReadEnd[num)!
CacheReadStart{num)? op_write=0
local_mem
is_in(m)
MM | =yupdatedm. U) xX={
lis_in(m)
MainMemEnd? x=0,
" DatacachemissW++
PMT-- lis_in{m)
PMT=insert(m,0) x=0
PMT>0
MainMemStart! write_hit
DatacachemissR++ &4 index(A)==indek(local_m)
mdex(local_rn)!:nd: :;)‘ Hurry!
PMT==0 Hurryl x=0 K e
x<=CACHE_SPEED ‘ noct Humyl b+ -©
1
x<=1 ——
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WCET-equivalent program

8]

00000000 <fib>:
0: e24dd020 sub = 5 #32

| 4: e58d0004 str zE, -.'sp, T4 |
8: eJal300l1 mov r3, 1

c: e58d3010 str 3, (sp, #16;
10: e3a03000 mov r3, #0

14: e58d3014 str rl, Is $20!
18: e3a nov r3, ¢

1c: @58d300c¢c str r3, (sp, #12)
20: eal0000a b 50 <£ib+0x3%0>

24: @59d3010 ldr 3, (sp, #16]
28: e58d3018 str £3, [(sp, #24)
2c: e59d2010 ldr 2, [(sp, #16)
30: e59%d3014 ldr £3, (sp, #20)
34: e0823003 add 3, r2, =3
38: e58d3010 str 3, [sp, #16)
3c: e59d3018 ldr 3, ([sp, #24)
40: e58d3014 str r3, [(sp, #20)
44: e59d300c ddr 3, (sp, %12
48: 2833001 add 3, r3, 41
dc: e58d300c str 3, [(sp, #12)
S50: e59d200c lder 2, (sp, #12)
54: @53d3004 ldr r3, (sp, #4)
S58: e1520003 cmp r2, rl

Sc: dafffeeo ble 24 <fib+0x24>
60: @59d3010 ldr 3, (sp, #16)
64: e58d30ic str 3, (sp, #28)
68: @59d301c ldr 3, (sp, #28)
6c: @1a00003 mov 0, r3

70: @28dd020 add sp, sp, #32
74: el2fffle bx ir

144 | mov rd 0

00000078 <main>:
78: e52del04 push {ir}

312
r3, #300

3, [sp, #4)
0, [sp, #4)

80: e3al3f4éb
84: e58d3004
B88: e59d0004

152 | add sp5p.012 |

"BC! eDIrrrab U 2Lib>

90: 103000 £3, 10 LA} M. O
94: el1al0003 r0, r3

98: @28dd00c sp, sp, #12

9c: e49del04 iz}
al: el2fffle

-
ir
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Limitations

explicit cache representation array: 1000+ “lines”
fixed initial state for all caches empty cache
may miss pruning in real-time model checking cache of size 1
1 1 = 0;
2 while ( i <= 10 && bool_non_det () ) {
3
4 i =1+ 1
5 %
currentTime ————» 6 // second loop
7 j =0 ;
8 while ( j <= 100 ) A
9 // do something
10 j =3+ 1
11 3}
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2-stage pipeline & concrete cache

niter > M niter « M
mpleted! fercl

PC = 1, nlter++,

cacheline = 1

>O loc_1

fetch! fetch!
PC =PC + 1, PC=2

cachelLine = PC cacheLine = 1
fetch

PC =1,

cachelLine = | /{
loc_2

fetch? Start
Ready
dur(PC)
X =10
Execute |ICacheReadEnd?
X <= dur(PC)
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ICacheReadStart!

Waiting

[ G

- OO0 oo~NOCOTh~WwWN =

MARS 2u 1o

nlIter = 0;
while ( Inter <= M ) {

nlIter = nlter + 1

skip

switch C 1) { // i€[3,N+3]
case 3 : skip ; break
case 4 skip ; break

case N + 3: skip ; break

initCache()

cache of size 2

Check

Ready (

find(cacheline) >= 0
delayTime = HitTime,
x =0,

access(cachelLine)

find(cacheline) < 0
delayTime = MissTime
X =0,
access(cacheline)

Delay

X < (,12‘..‘1 VTIH‘J‘



Cache state equivalences

run = sequence of (program state, hit/miss)

given a program state s, two cache states c and ¢’
are equivalent
iff they generate the same runs

solution: compute the cache state equivalence

2015 © Franck Cassez MARS 2015
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Small cache models
’mo

niter > M niter <=M
completed! fetch! Miss
- - ICacheReadStart?
PC = 1, niter++, X <= MissTime X = 0 .

loc_O, cacheline = 1 ;‘ loc_1
\ X == MissTime

ICacheReadEnd!
fetch! fetch! ‘ ICacheReadStart?

PC = PC + l, PC = 2.
chelLine = PC i2int[3,N + 3 heLine = 1
caenerne fm:h'[ | cacnerne ICacheReadStart?
PC =i, x=0
cachelLine = | Y
loc 3‘: ‘|0( 2 _ HitT Hitl X == MissTime
. - X <= HitTim ICacheReadEnd!
, END == HitTime
ICacheReadEnd! Miss3 ,
completed? X <= MissTime
ICacheReadStart?
fetch? Start ICacheReadStart? X =0
Ready , x =0
Miss2a ,‘
) : . o ) X == MissTime
x == dur(PC) ICacheRead>tart! X <= MissTime ICacheReadEnd!
x=0
?
Execute ._ ICacheReadEnd
x <= dur(PC) Waiting
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Small cache models

Miss 1
x <= MissTime (&8

ICacheReadStart? @
x=0

X == MissTime
ICacheReadEnd!
ICacheReadStart?

ICacheReadStart?
X =0

<= HitTi ) Hitl x == MissTime
SN R HARES ICacheReadEnd!

Miss3 Q
X <= MissTime

X == HitTime
ICacheReadEnd!

ICacheReadStart?
ICacheReadStart? Xx =0
X =0
@ Miss2a ,O
A . X == MissTime
X <= MissTime ICacheReadEnd!

2015 © Franck Cassez

N States Explored WCET
Explicit Model | Small Model

1 549 147 396
2 1055 196 396
3 1626 245 396
4 2267 294 396
5 2953 343 396
6 3699 392 396
7 4505 441 396
8 5371 490 396
9 6297 539 396
10 7283 588 396
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Trace abstraction refinement

Aut(C) = HitOrMiss

A 4

Aut(C) := Aut(C) \ O(t)

.

i Compute refinement O(t) ](

h 4

|

Compute the WCET w ] Get a witness trace
in Aut(P) x Aut(C) J of duration w

No

’»[ t feasible? ]

lYes

WCET is w
I is a withess




Conclusion & ongoing work

Advantages

* no assumption on initial state of the cache
 reduced state space in real-time model-checking

Ongoing

* implement and test on Malardalen Univ. benchmarks
» extend technique to data cache
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UPPAAL models

ACSD 2013
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Pipeline Model

] CoactefeacENaDATA CACHED

-0

, feich_completed

CacheWristndDATA_CACHE]?

rog_com ? o i
- Plsted 'stalk) CachoReadSiaOATA_CACHEY e _icixf)
? COwcatalr|vel CachaWneSsatiDATA_CACMEN
R CacheReadStar{INSTR_CACHE]! S
- Todalme 1] A8 & Mo Faraecion
remoy?
td

decode!
copy(me,me+1)

«Ecse _complened?

= CYQLE

CacheReadEnd{INSTR_CACHE]?

Yrnry OO’

decode? =0

t<=CYCLE

?
fetch_completed? t==CYCLE

Istall() writeback? t=0
axecute!
copy(me,me+1)
decode_complated!
exocute? memory_completed? 1<=CYCLE
=0, DUR_INSTRedur() 1=0 t==CYCLE
1<=DUR_INSTR
DONE
decode_completed? 1==DUR_INSTR
memory!
copyime,me+1)

.: execule_completed’
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Memory stage

CacheReadEnd[DATA_CACHE]?

CacheWriteEnd[DATA_CACHE])?

is_ldx()
CacheReadStart{DATA_CACHE]! lis_ldx()
CD=dataAdrime], CacheWriteStart{ DATA_CACHE]!
num_word[me)-- D=dataAdr[me],
num_word[me}--
Todo[me-1] && is_mem_transaction()
memory?
t=0

num_word[me]>0

dataAdr[me]=dataAdr[me]+BLK_SIZE

ITodo[me-1] Il lis_mem_transaction()

memory? t=0 . t<=CYCLE

execute_completed?

num_word[me]==0

t==CYCLE
writeback!
memory_completed! copy(me,me+1)
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Instruction cache and RAM

MainMemStart? t=0

MainMemEnd!
t==MAINMEMTRANS t<=MAINMEMTRANS

(©)

initialize?

initCache() MainMemStartWB? MainMemEndWB?
x==CACHE_SPEED
acheReadEnd[num)]! {5

MainMemEnd? CacheReadStartinum]?

PMT—

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

x<=6
PMT>0 5
MainMemStart! S .
ICcachemiss++ /
) ' nb>0 X==0
@ PMT==0 Hurry! x=0 | MainMemStartWB! MainMemEndWB!
A x=0 nb--

x<=CACHE_SPEED
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Data cache

op_write=0 local_m=-1

xwwCACHE_SPEED && lop_write

CacheReadEnd(numl]!

op_write=0, local_m=-1

x==CACHE_SPEED && op_write

CacheWriteEndinuml!
op_write=0 local_ms=-1

CacheReadStartinum)?
local_mem

MainMemEnd?
PMT--

PMT>0

MainMemStart!
DatacachemissR++

PMT==0 Hurryl x=0

index(local_m)!=indexy A)
H rry!k

x<=CACHE_SPEED

1
CacheWriteEnd[num)]!
x>
X==1
x<=1 o
) : write_hit
ndex(A)!:deX(bcal_m) m:(}\)-fl?\dcx(local m)
initialize WriteHit! WriteHit! .
initCagfe() et
i8_in{m)
PMT=update(m,1) x=0
CacheWriteStart[num)?
op_write=1 local_m=m '.
Cach@ReadEnd[num)!
op_wrile=0
is_in(m)
MM | =yupdatedm. U) xX={
lis_in(m)
x=0,
" DatacachemissW4++
lis_in{m)
PMT=insert(m,0) x=0
write_hit
&8 index(A)==indek(local_m)
Hurry!
le+
‘ nb<d Hurry! nbes
1

x<=1

-©

x<mi
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Execution stage (variable execution time)

execute?

t=0,DUR_MAX_INSTR=max_dur(),
DUR_MIN_INSTR=min_dur()

’O t<=DUR_MAX_INSTR

decode_completed?

>=DUR_MIN_INSTR
&& t<=DUR_MAX_INSTR

memory!

execute_completed! copy(me,me+1)
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Experlmental results (ACSD 2013)

UPPAAL

Computed

Measured

loc' Time/States Explored” BCET/WCET (C) BCET/WCET (M) Error (%)* Slice*

[[ Single-Path Programs I

T fib-00 74 2s/74181 8098 8064 0.42% 47131

1 1ib-01 74 0.65/22333 2597 2544 2.0% 18772

1 fib-02 74 0.3s9711 1209 1164 3.8% 2271
Janne-complex-00* 65 1.78/38038 4264 4164 2.4% 78173
janne-complex-01* 65 0.5s/14600 1715 1680 2.0% 30/89
janne-complex-02* 65 0.5s/13004 1557 1536 1.3% 3278
fdet-O1 238 21s/60534 4245 4092 3.7% 100/363
fdct-02 238 3.24s/55285 18231 18984 1.3% 166/3543

Il Single-Path Programs® with MUL/MLA/SMULL instructions (duration of instruction depends on data) [|

T fdct-00 [ 238 | 124s/85008 | 11242/11800 | 11448 | 3.0% [ 253831 |
matmuit-00* 162 217s/10531262 5028495529250 | 511584/528684 0.1% 158/314
matmult-O1* 162 25s/1112527 129967/156367 | 127356/153000 2.2% 7172
matmuit-02* 162 121s/6780931 122045/148299 116844/140664 5.4% 75/288

1 jfdcint-00 374 92s/100861 12726/12918 12588 26% | 158782

| nt-O1 374 12s/35419 488055072 4668 8.6% 25325

':%‘mm 374 5.38s/175661 [16748,16938) 16380 3.4% 56/2512

Mult rograms |

bs-00 174 30s/1421274 478/1068 1056 1.1% 75151
bs-O1 174 23s/1214673 3217738 720 2.5% 28/82
bs-02 174 12s/655870 273628 600 4.6% 28/65
cnt-00* 115 4g/77002 8025/9027 21% | 99235
cnt-O1* 15 1.4s/27146 412374123 3996 3.1% 427129
cnt-02* 115 9s/11490 3067/3067 2928 4.6% 39263
Insertsort-00* a1 588.985/24250738 3133 3108 0.8% 79175
insertsort-01* 91 353.80s/11455293 1533 1500 2.2% 40/115
insertsort-02* 91 11.68s/387292 1326 1320 0.4% 437108
ns-00* 497 60s/3064316 840/30968 30732 0.8% 1327215
ns-01* 497 8s/368720 605/11701 11568 1.1% 61/124
ns-02* 497 558/1030746 441/7280 7236 0.6%

D file-Ox indicates that file was compiled using gec -Ox
I bnosofcodoinmoCswreofio

v X 100 computed using the upper bound for C and M
2015 © Franck Cassez

% Instructions in Slice/Instructions in Program
*Program selected for the WCET Challenge 2006
YUPPAAL 4.1.11/Intel Pentium 5/3.1Ghz/16GB
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Cache hit/miss

CacheRe%

CacheWrite(X)!
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Read/Write

cached data
HIT

Main Memory

transfer
cache update

Line size

< >
Set 1

e
Set 2

e —

Set 27An
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