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" Problem Statement
Previous Work

reemption-related Cache Reload Cost
A WATES

WCRT Estimation

gf;im‘ental Results

Future Work

: SCOPES’'04, September
Georgia | 2004 5

M Tech V



roplelr LALCITICI

Motlvertior

Tasks In real-time sy stems NEEd TorMEET deadiimes.

e .

—

_-__.éNQrst—Case:Besanse Time (WCRT) analysis: The time fron
~arrival of a task te'its completion

L v
Timing of HW is more predictable —some SW functions
transferred to HW.

SW timing analysis is unavoidable.
Using cache complicates the timing analysis problem.

Assumption
Multi-tasking, uniprocessor

@d Priority Scheduling (e.g., RMS
- Preempti

ssociative / Direct Mapped)

Objective
WCRT estimate
Georg.am cache rejoad cost

SCOPES’'04, Sedptember _
ue to preemptions 3
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-~ Methods for timing analysis
Limit cache usage

Analyze the timing properties of tasks —
statically

Monitor II

SCOPES’'04, September
Georgla 2004 4
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Frevious VWOrkK: LImit Cacne

A DT O A G e —— — =

——

—

- SMART (Strategic Memory Allocation for Real-Time
- — . Systems) Cache [Kirk]

Assign cache lines to tasks according to their CPU utilization
Column Cache [Suh and Rudolph]

Cache is partitioned at the granularity of cache columns

No cache evictions among tasks
Lock Cache [Maki]

Specific instructions are used to lock cache lines in order to
prevent cache eviction

il
ﬁbftware Approaches —
. y [Liedtke]

Compiler Support for Software-based Cache Partitioning
[Muller]

Need customized bardware, or specific

Georgia | BRI ell o] [ gSReAdE: ;
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Frevious VWOrkK. statiC IIiming

~ Integer Linear Programming (ILP), Cinderrela, [Lifand"
— 1 |7 —
Implicit Path Enumeration with ILP
WCET analysis at the granularity of basic blocks
SYMTA (SYMbolic Timing Analysis), [Wolf and Ernst]
Extend basic blocks to program segments
Reduce over-estimate of WCET on boundaries of basic blocks
Cluster calculation of WCET [Ermerahl] J
‘.—Reduce over-estimate of WCET o undaries ofi basic hlocks:

ﬂi—mm abstract
3 erpretation, [Wilhem],[Stenstrom/|

Analyze WCET without knowing exact input data
ly. consider singlestaskosystems

G ia | - 2004 .
g-ereg;'ﬁm ption in mulotl—tasklng systems £
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Frevious VWOorkK: static Iiming

ARa ys*

2
Worsit Ceisia e JOIISE [l) (\/\/ <r)

-

- Analysis for | :u
;___ WCRT [Tindell]
= Cache not considered

Busquests-Mataix’s Method

Preemption-related cache reload cost overestimated: all
cache lines used by the preempting task have to be
reloaded.

Lee’s Approach
Useful memory blocks: used before the preemption and
g request the preemptio e preem p)?éﬂﬁag_

Exponential w.r.t. the number of tasks
May include infeasible preemptions

No inter-task cach= @V impienpanalysis method proposed
Georgla 2004 7
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\/\/om Mornltor

- Monitor
MAMon ( Multi-processor Application
Monitor) [Shobaki]

Performance Monitor (PM) in IBM PowerPC
604

Disadvantages:

"Need'additional hardwar -———-s-_
' ‘Umental

Instructions In software

Dependent on the execution path, no
~ guarantee cnroebtamirg.the worst case
el execution/ré¥ponse time 8




Why do cache lines need to be
reloaded?

nter-task cache eviction -
ntra-task cache dependency

——

. SCOPES’'04, September
Georgia | 2004 9
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Only cachelinesused by both the preemptingand the preempted task e
possibly need to be reloaded.

. SCOPES’'04, September
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Intra-task.Cache.dependenc

e ' : 2 lines possibly e~ —
. Preempted task Tr need to be - - —
. A Direct-mapped Cache
— index 16 bytes/line, 16 lines
- 0

1
2
3
F
Preempted
(execution point gneed to reloadD
line _—
Preempting t e —

Only cache lines that are used
before the preemption and
requested

after the preemption by the
preempted

" | task potentially need to be
Georgia | 2004 .

2 Tech | reloaded.
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VO ConAItioN:

reloeid)

e T e—

e e

Used by botJrrthe*preem ptlng and the

‘_

preempted task.

Only cache lines in the intersection set of cache
lines used by the preempting task and the »
preempted task.

Loaded to the cache before the preemption

‘requested after the preemption by the —~

nly cache lines mapped from “useful memory
blocks”.

S

SCOPES’'04, September
2004 12




Inter-task Cache Eviction

Arnzlysis
~Vemary Trace (NordynamTcmem ory — \
- _Cache Index Induced Partition (CIIP)
Partitiona memory block set according to their index

Memory blocks in the same partition have the same
Index.

Cache eviction can only happen among memory blocks: in
thfen Sanwey petrdiskmeiative cache with N sets.

M =1y, my,..., M}

Eﬁp of M: M ={r,,m,..,

Y. Tan and V. Mooney, “Timing Analysis for Preemptive Multi-tasking Real-time Systems \
Proceedings of Design, Automation and Test in Europe (DATE’'04), pp. 1034-1039, Februar
SCOPES’'04, September
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Inter-task Cache Eviction Analysis
(Cont)

:___ —{ITHO,ITh, ml—} M _{nlo’mll’ r,h.L,N—l}
2 :{mzo’le""’ mZKz} Mz :{mzo’mzv"" r,hZ,N—l}

Upper bound of the number of memory blocks that possibly conflict in the

cache:
S(Ml’MZ)
When the cache mlss penalty is fixed, the inter-task cache eviction cost:

pre( 1’T2) :S(Ml’Mz)meiss '
. —
‘h'analysi lied to ti StiMate e —

) L —the number of ways in the cach

Y. Tan and V. Mooney, “Timing Analysis for Preemptive Multi-tasking Real-time Systems
Proceedings of Design, Automation and Test in Europe (DATE’'04), pp. 1034-1039, Februa

SCOPES’'04, September
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Inter-task Cache Eviction Analysis

~ AR example _
A : e with 16 se{s each Ilne as

— Two Sets of Memory Blocks

— —

M, ={0x700; 0x800; 0x710; 0x810; 0x910} M, ={rh,, M} ={{Ox700; 0x800} , { Ox710; 0x810; Ox910} }
M, ={0x200; 0x310; 0x410; 0x510} M, ={r,, M} ={{0x200}, { 0x310; 0x410; Ox510} }

CACHE idx CACHE Idx

-- gives an upper bound

SCOPES’'04, September
Georgia | 2004 15
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Intra-task Cache Dependency

cL [\
AN J\/Jemor\ 3 oef f (QK/J

Eppssmle ‘memory blocks that may residein the

cache when the task reaches an execution point s

_lemg Memory Blocks (LMB)

all possible memory blocks that may be one of the
first L distinct references* to the cache after
execution point s, where L is the number of ways in
the cache.

Useful Memory Blocks (UMB) at the executlon
~ point s e —
—
M&ina LMB at the execution point s

-Max i . seful Memony BiQek 2L (MIIMBR)en
e AR M L SECH B STV E B RNFE'G0ER all the

|

e alkcution points abatask e
M Techu
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CeISHESATTINIEREIICIASTSS

—_— - a

—

e e

= Only useful memory blocks are potentially requwed to
- be reloaded:"

MUMBS of the preempted task is used in the CIIP

Ca|CWF}t£({hO, my,..., ranl} / M, ={m,, my,.., r,h.LN—l} —
I\ﬂz :{mzo’mzv'"’mZKz} M _{mzo rnz;p 1rnZN—1}
MUMBS M, ={ My, My,..., My } M, ={fM,, My,,.... M, )

| — -
= .
out consi T T

My, ) .
- N-1
With considering UMBs  S(M,,M,) = min(L, m, |, m,,
r=0

[=0)

)

: SCOPES’'04, September
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WCHT Arlzlysis

_=_\N.C_RJ'_AnaJy,_si§§NThOUt considering cache

T All tasks in the system sorted in the descending order of their priorities.

C. WCETof T P Period of T , also definesthe deadline

hp(i) The set of tasks with higher priorities thaif;

Response time

e B8P B

. SCOPES’'04, September
Georgia | 2004 18
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W Cr

WA
Ilterative calculation

J—

Twice Context Switch: one for preemption and one for resuming

RMS is used for scheduling.

n SCOPES’'04, September
Georgia | 2004 19
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= Th—tasks m—svhedu Iable if:

g:_...
The iteration above converges.

The WCRT of all tasks are less than their
periods.

Otherwise, we cannot find a feasible
1edule.

SCOPES’ 04, September
2004 20




WCHT Aralysis (Fomr)

—-W@RT—eshmaIEd for each task in the —
- ~descending order of priorities of tasks

Computational Complexity

The number of iterations for each task is bound&d R
by
The computational complexity in each iteration is

ﬁmportional to the number of tasks. il
Il tasks except;t withithe highest pr

Oo(n%)
The total computation complexity is , where
n is the number.Pktasks.mper
Georgia i". 2004 21
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—= "Sﬁulatlon Archltecture
-~ ARMOSTDMI

32KB 4-way set associative cache (256 lines in each
way)

Atalanta RTOS developed at Georgia Tech

[ NG NS o\ W A el G- [P -

Seamless

Georgia | |
& 1ech |




e approaches —————
____Appl (Busquests-Mataix’s method): All cache

— lines used by preempting task are reloaded for a
preemption.

App2: Only lines in the intersection set of lines
used by the preempting task and the preempted
task are reloaded after a preemption. Inter-task
cache eviction method proposed in this paper is
used here.

ﬁ‘\pps: All'useful memory blocks are reloaded,to.
~ the cache ‘spApproachy -

: ated Inter- and Intra-task cache
eviction analysis. No path analysis is applied
here.

pm mm\PPS: Intra—ta§1@4t‘ﬁ@4q@?pevifetion analysis, Inter-
pdaliask cache evittion analysis plus path analysis. 23




Ecperiment |

e

A mobile robot application with three
tasks

Edge Detection (ED)

Mobile Robot control (MR)

OFDM for communication
WCET(us) | Period(us)
]
e

Table 1. Tasks

h SCOPES’'04, September
Georgia | 2004 24
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- Three types of preemption
. ED preempted by MR
OFDM preempted by MR
OFDM preempted by ED

Estimate of the number of cache lines to be -
reloaded
preemptions App.1 App.2 App.3 App.4 App.5
—2i0 134 1.8 118 88 b
381

: SCOPES’'04, September
Georgia | 2004 25
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C LA S

ED 2409

-

, (ART: Actual Response Time)
SCOPES’'04, September

= |
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OFDM

ED
OFDM
ED

OF T

ﬂ SCOPES’'04, September
Georgia | 2004 57

OFTIN

& Tech |



Adaptlve Differential Pulse Coding
Modulation Coder (ADPCMC)

ADPCM Decoder (ADPCMD)
Inverse Discrete Cosine Transform (IDCT)

Tasks 1n E:{periment 11

S .o — o
S oo -

h SCOPES’'04, September
Georgia | 2004 o8
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~ Three types of
- ADPCMD-preempted by IDCT

=>4

- preemption

ADPCMC preempted IDCT
ADPCMC preempted by ADPCMD

Estimate of the number of cache lines to be

oerirert

L]

re'%aiéﬁiﬁiions App.1 App.2 App.3 App.4 App.5
ADPCMD by 249 68 98 64 56
IDCT
ADPCMC by | 9 92 | el
IDCT —
55 46
ADPCMD

Georgla

v' Tech

SCOPES’'04, September

2004
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Experiment II

Tack

Al

ADPCMC

ADPCMID

6563

ADPCMC

48528

ADPCMD

6931

ADPCMC

88606

ADPCMD

1297

ADPCMC

350230

ADPCMD

7663

Georgia |"|
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RES SXPECHIneEh

SO PAISoNn Approach s Withr other
approaches

Experniment IT

A5 vs. Ad

]
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— MR [ IDCH | ED ADPCVID ADECC

' period (cycles) | 7000 | 9000 | 13000 | 20000 4QDQ_O___50_OQO

WCET (cycles) | 830 | 1580 | 1392 2839 eS0T TS
Priorities 2 3 4 5 6 7

WCRT estimates of OFDM and ADPCMC
WCRT estimates of ADPCMC

I R ECN EEa N RN T -
-|-
I TR TR o T N )
o [assan |0 [z | o | v | st | 560 | o

Georgia |"|
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Lee’s approa — _L.
Use the same tasks specified in Lee’s
experiments

estimate

Com

-
320,000 | 60,234 + 280 X Crniss

1,120,000 | 255,998 + 364 X Coniss
LMS | 1,920,000 | 365,893 + 474 X Coniss
25,600,000 | 557, 589 + 405 X Crniss
-_""-

- - Cache miss penalty = 100 cycles (used in Lee’s experiment)
,._..--W_QB.T of FIR with Lee’s Approach=5,323,620 cycles
" WCRT of FIR with our approach (Approach 5) =3,297,383 cycles
Reduction in WCRT estimate = 38%

h SCOPES’'04, September
Georgia | 2004 33
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Cornclusiorl

— e —— = T Seaa—
e e —_—— e

‘Preemption-related cache reloac

- s determined by both inter- and intra-
task cache dependency.

The WCRT estimate Is also affected by
the estimate of the number of
reemptions.

-
e ——

tegratinopinter-sandsintra-task cache
pendency analysis with path

analysis can tighten the WCRT analysis

SCOgc'S’O4, September

S nificantly 200 Y




~ Fix estimate accuracy for nested

F—

preemptions

Investigate the factors that cause
overestimate in WCRT analysis

Investigate how cache parameters

Wt WCRI analysis e *'-!-:‘

: SCOPES’'04, September
qeorgiﬁ 2004 35
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Thank you!
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