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Cache-Related Preemption Delay (CRPD)

in case of preemption:
preempting task might evict cache-content of preempted task

CRPD = cost of additional misses due to preemption

T —
T, 1T———1 T 1]
] = CRPD

T = Task Activation
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Useful Cache Blocks

Lee et al. 98:
A useful cache block (UCB) is a memory block that

a) may be cached at P, and

b) may be reused on at least one control flow path starting at
program point P.

— #UCBs at P determines bound for CRPD at P

— global CRPD bound given by point with highest
number of UCBs
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UCB very common concept nowadays:

Originally for direct-mapped instruction/data caches, has been:

o extended to set-associative caches
(Lee et al. 96[2], Staschulat and Ernst 07[7])

e improved by using different cache representation
(Negi et al. 03[4],Staschulat and Ernst 04[5], 07[7])
e improved by analyzing preempting task
(Negi et al. 03[4],Staschulat and Ernst 07[7])

and used within schedulability analysis in [1, 3, 6, 7, 8, 9] ....

always relying on the original notion of UCBs by Lee et al.!
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UCBs in Schedulability Analysis

Schedulability analysis always computes:

WCET + n x CRPD

3
- \
-
P \
\

# possible pr/eemptions N
# UCBmax x CRT

However,
WCET analysis and CRPD analysis are treated separately

Hence,
overapprox. WCET bound and overapprox. CRPD bound
accumulates
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WCET Analysis

e overapproximates actual WCET
e overapproximates # cache-misses

e underapproximates # cache-hits

= uses underapproximation of cache-content
(must-cache)

= only predicts cache-hit,
if accessed block € must-cache
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UCB Analysis

e overapproximates # additional misses
e additional miss C hit during task execution

e overapproximates # cache-hits during execution

= uses overapproximation of cache-content
(may-cache)

= predicts additional cache-miss,
if accessed block € may-cache
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WCET Analysis vs. UCB Analysis

WCET Analysis:
* uses underapproximation of cache-content (must-cache)

e only predicts cache-hit, if accessed block € must-cache

UCB Analysis:
* uses overapproximation of cache-content (may-cache)

o predicts additional cache-miss, if accessed block € may-cache

Hence, some cache-misses counted twice!
(access m with m € (May-Cache \ Must-Cache))
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A new Notion of UCBs

A useful cache block (UCB) is a memory block that

a) may be reused on at least one control flow path starting at
program point P, and

b) may be cached at P.

CRPD = cost of additional misses due to preemption
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A new Notion of UCBs: DC-UCBs

A definitely-cached UCB (DC-UCB) is a memory block that

a) may be reused on at least one control flow path starting at
program point P, and

b) must be cached at P and along the path to its reuse.

CRPD = cost of additional misses due to preemption
not taken into account by WCET analysis
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Soundness of DC-UCB Approach

« DC-UCB C UCB
e #DC-UCB might underapproximate actual CRPD

So, how to ensure that
WCET + n x (#DC-UCB,2x x CRT)

still bounds execution time under preemptions?

To prove:
(misses in WCET + DC-UCBs) D (actual misses during execution)
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Proof

.

M:

M must -

IﬂmusL:

all memory accesses during execution
all memory accesses leading to a hit
all memory accesses leading to a miss

all memory accesses classified as hits by must-cache
(Hmust g H)

all memory accesses classified as misses by must-cache
(Mmust =A \ Hmust)
additional misses due to preemption (P C H)
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Proof

Iv’q/mlst:

M must -

all memory accesses during execution
all memory accesses leading to a hit
all memory accesses leading to a miss

all memory accesses classified as hits by must-cache
(Hmust g H)

all memory accesses classified as misses by must-cache
(Mmust =A \ Hmust)
additional misses due to preemption (P C H)

(misses in WCET + DC-UCBs)
I\\\\i/ﬂmust U (} N ltmust)

D)

MuUP

(actual misses during execution)
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Proof

(.

£

all memory accesses during execution
all memory accesses leading to a hit

E
F

—
=

all memory accesses leading to a miss
H st all memory accesses classified as hits by must-cache
(Hipmuse € H)
M,,us¢: all memory accesses classified as misses by must-cache
(Mmust =A \ Hmust)
P: additional misses due to preemption (P C H)

(misses in WCET + DC-UCBs)
2 IMlmust“ U (]P) N I[']Imust)
— I\/Hmust U (]P) N (A \ Mmust))
= (Mmust U ]P)) N (Mmust U (A \ Mmust))
= (Mpust UP) N (A)
= Mpyst UP
ODMUP
(actual misses during execution) g
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DC-UCB Analysis

implemented as backward program analysis
derives a set of DC-UCBs at each program point P

1 DC-UCBs(P) = {m},
if m accessed at P and m € Must_Cache(P)

2 forwards information to all predecessors of P

d Yyoes Joy

3 removes all memory blocks m’ ¢ Must_Cache(P)

4 until fix-point, goto 2
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DC-UCB Analysis - Example

-

- 1)
1 DC-UCB(P) := {m}

if a) m accessed at P
and b) m € Must_Cache(P)
forwards information to predecessors

3 DC-UCB(P) :=
@) (DC-UCB(P) \ Must_Cache(P))

(&)

h 4
O = T —
N

c ®) 4 unless fixpoint reached, goto 2

h 4 (4)

d | | Must-Cache
1 (77 - 7)

¥¥ (6) 2 (av - = 7)
a 3 (37 b7 it *)

4| (abec)
5| (a,b,c,d)
6| (a,c)
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DC-UCB Analysis - Example

-

ot (1) = 1 DC-UCB(P) := {m}

if a) m accessed at P

and b) m € Must_Cache(P)
forwards information to predecessors
3 DC-UCB(P) :=
@) (DC-UCB(P) \ Must_Cache(P))
(5) 4

(&)

h 4
O = T —
N

unless fixpoint reached, goto 2

Must-Cache
(*7 - = *)
(27 - ’)
(37 b7 - ’)
(a, b, c, )
(a, b, c,d)
(a,-¢,)

<)
O'\U'I-Pwl\)l—l‘—
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DC-UCB Analysis - Example

-

H O]
a 0
’l' @
» b 0
4 3)
C
(5) 0
C {c}
h 4 (4)
d
0
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=» 1 DC-UCB(P) := {m}
if a) m accessed at P
and b) m € Must_Cache(P)

2 forwards information to predecessors

3 DC-UCB(P) :=
(DC-UCB(P) \ Must_Cache(P))

4 unless fixpoint reached, goto 2

Must-Cache
(*7 i *)
(av - = *)
(37 b, *)
(a, b, c, )

(a, b, c,d)
(a,-c.)

cﬂm-waH‘—
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DC-UCB Analysis - Example

-

* 4 1 DC-UCB(P) := {m}

if a) m accessed at P
o and b) m € Must_Cache(P)

0 =» 2 forwards information to predecessors

3 DC-UCB(P) :=
@) (DC-UCB(P) \ Must_Cache(P))

®) 0 4 unless fixpoint reached, goto 2

O = T —

Must-Cache
(*7 - = *)
(27 - ’)
(37 b7 - ’)
(a, b, c, )

(a, b, c,d)
(a,-¢,)

(©)
a |{a}

cﬂm-waH‘—
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DC-UCB Analysis - Example

-

H O]
a 0
l &)
> b 1]
! 3)
C
(5) {a}
c | {c}
h 4 (4)
d
{a, c}
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1 DC-UCB(P) := {m}
if a) m accessed at P
and b) m € Must_Cache(P)

=» 2 forwards information to predecessors

3 DC-UCB(P) :=
(DC-UCB(P) \ Must_Cache(P))

4 unless fixpoint reached, goto 2

Must-Cache
(*7 i *)
(av - = *)
(37 b, *)
(a, b, c, )

(a, b, c,d)
(a,-c.)

©
{a}

cﬂm-waH‘—
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DC-UCB Analysis - Example

-

- 1)

h 4
O = T —
——
Y
—

{a,c}

Sebastian Altmeyer, Claire Burguiere

1 DC-UCB(P) := {m}
if a) m accessed at P
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DC-UCB Analysis - Example
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(1)
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1 DC-UCB(P) := {m}

if a) m accessed at P
and b) m € Must_Cache(P)

2 forwards information to predecessors

3 DC-UCB(P) :=
(DC-UCB(P) \ Must_Cache(P))

=» 4 unless fixpoint reached, goto 2

©
{a}
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| | Must-Cache DC-UCB
1 (55 0) 0

2| (a--2) {a}

3 (a,b,,-) {a}

4| (a,b,c,.) {a,c}
5| (a,b,c,d) {a, c}
6 (av -G *) {a}
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What about Data Caches and different
Cache-Architectures?

DC-UCB analysis is independent of Cache-type:

1 DC-UCB(P) := {m}
if a) m accessed at P
and b) m € Must_Cache(P)

3 DC-UCB(P) := (DC-UCB(P) \ Must_Cache(P))

only Must_Cache(P) influenced by cache-type!

— DC-UCB analysis valid for cache-type T,
if Must_Cache for T exists

Problems:
Data caches under dynamically changing memory accesses (see Paper)

FIFO/PLRU unsuitable for (DC-)UCB analysis (see WCET-Workshop)
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Evaluation

Setting:
e ARM 7 processor

e direct-mapped instruction cache (8kB, 1024 sets, 8 Byte
linesize)

e testcases: Malardalen WCET benchmark suite

Two scenarios:

1. UCBs compared to DC-UCBs (average # and
maximal #)

2. UCBs vs. DC-UCBs in relation to WCET (assumed

preemption each 10000 cycles, cache reload time 4
cycles)
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1. UCB vs. DC-UCB

average upper bound
#UCB | #DC-UCB | Improv. || #UCB | #DC-UCB | Improv.
bs 13.6 1.4 52% 24 5 79%
bsort100 18.9 1.9 54% 35 8 7%
crc 115.0 2.5 84% 134 14 90%
fac 10.8 1.2 51% 19 4 79%
fibcall 5.1 1.6 41% 12 5 58%
fir 47.8 1.9 58% 79 9 89%
insertsort 7.8 2.1 31% 19 10 47%
loop3 3.7 15 39% 6 4 33%
matmult 27.6 5.6 56% 40 23 42%
minmax 1.8 1.1 9% 11 9 18%
ns 12.9 2.4 35% 31 13 58%
gsort-exam || 127.1 1.9 78% 160 15 91%
qurt 340.8 1.4 76% 449 14 97%
select 102.0 1.8 73% 138 15 89%
sqrt 204.1 1.2 60% 361 14 96%
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2. Relation to WCET

WCET | CRPD UCB | CRPD DC-UCB
bs 445 96 20
bsort100 1567222 21980 5652
crc 290782 16320 1680
fac 1252 76 16
fibcall 1351 48 20
fir 29160 948 108
insertsort 6573 76 40
loop3 13449 48 32
matmult 742585 12000 6900
minmax 504 44 36
ns 43319 620 260
gsort-exam 22146 1920 180
qurt 214076 39512 1232
select 17088 1104 120
sqrt 39962 5776 224

assumed preemption each 10000 cycles, cache reload time 4 cycles
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Conclusions

DC-UCBs:

e improves on UCB by omitting double counted cache-misses

e improvement up to 90%, compared to UCBs

only safe in combination with WCET analysis (no restriction)
LRU/Data DC-UCB analysis comes for free
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Thanks for your attention!
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Relation: Cache Size / Code Size

Task bs | bsort100 crc fac | fibcall fir insertsort | loop3
#Instructions | 69 123 288 48 47 209 81 1633
WCET 445 | 1567222 | 290782 | 1252 | 1351 | 29160 6573 13449
ratio 1KB 0.27 0.48 112 0.19 | 0.18 | 0.81 0.31 6.38
ratio 4KB 0.07 0.12 0.28 0.05 | 0.05 0.2 0.08 1.59
ratio 8KB 0.03 0.06 0.14 | 0.02 | 0.02 | 0.10 0.04 0.80
Task matmul | minmax ns gsort-exam qurt select sqrt
#Instructions 200 138 127 340 967 302 953
WCET 742585 504 43319 22146 214318 | 17 088 | 39962
ratio 1KB 0.78 0.54 0.50 1.33 378 1.18 3.73
ratio 4KB 0.2 0.13 0.12 0.33 0.94 0.29 0.93
ratio 8KB 0.10 0.07 0.06 0.17 047 0.15 0.47
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