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Problem  Statem entProblem  Statem ent
Mot ivat ionMot ivat ion

Tasks in real-t im e systems need to m eet  deadlines.Tasks in real-t im e system s need to m eet  deadlines.
Worst  Case Response Tim e (WCRT) analysis: The t im e from  Worst  Case Response Tim e (WCRT) analysis: The t im e from  
arrival of a task to its com plet ionarrival of a task to its com plet ion

HW vs. SWHW vs. SW
Tim ing of HW is m ore predictable – som e SW funct ions Tim ing of HW is m ore predictable – som e SW funct ions 
t ransferred to HW.t ransferred to HW.
SW t im ing analysis is unavoidable.SW t im ing analysis is unavoidable.

Using cache complicates the t im ing analysis problem.Using cache complicates the t im ing analysis problem.

Assum pt ionAssum pt ion
Mult i-tasking, uniprocessorMult i-tasking, uniprocessor
Fixed Priority Scheduling (e.g., RMS)Fixed Priority Scheduling (e.g., RMS)
Preempt ivePreempt ive
L1 Cache (Set  Associat ive / Direct  Mapped)L1 Cache (Set  Associat ive / Direct  Mapped)

Object iveObject ive
WCRT est imateWCRT est imate
Including cache reload cost  due to preempt ionsIncluding cache reload cost  due to preem pt ions
Schedulability analysisSchedulability analysis
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Previous WorkPrevious Work

Methods for t im ing analysisMethods for t im ing analysis
Lim it  cache usageLim it  cache usage

Analyze the t im ing propert ies of tasks Analyze the t im ing propert ies of tasks 
stat icallystat ically

MonitorMonitor
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Previous Work: Lim it  Cache Previous Work: Lim it  Cache 
UsageUsage

Lim it  cache usageLim it  cache usage
Hardware approachesHardware approaches

SMART (Strategic Memory Allocat ion for Real-Time SMART (Strategic Memory Allocat ion for Real-Time 
Systems) Cache [Kirk]System s) Cache [Kirk]

Assign cache lines to tasks according to their CPU ut ilizat ionAssign cache lines to tasks according to their CPU ut ilizat ion

Column Cache [Colum n Cache [Suh and Rudolph]
Cache is part it ioned at  the granularity of cache colum ns
No cache evict ions am ong tasks

Lock Cache [Maki]
Specific inst ruct ions are used to lock cache lines in order to 
prevent  cache evict ion

Software Approaches
OS-Controlled Cache Predictability  [Liedtke]
Compiler Support  for Software-based Cache Part it ioning 
[Muller]

Need custom ized hardware or specific 
OS/com pliers



SCOPES’04, Septem ber SCOPES’04, Septem ber 
20042004 66

Previous Work: Stat ic Tim ing Previous Work: Stat ic Tim ing 
AnalysisAnalysisStat ic Analysis of Single Task Worst  Case Stat ic Analysis of Single Task Worst  Case 

Execut ion Time (WCET)Execut ion Time (WCET)
Integer Linear Program m ing (ILP), Cinderrela, [Li and Integer Linear Program m ing (ILP), Cinderrela, [Li and 
Malik]Malik]

Implicit  Path Enumerat ion with ILPImplicit  Path Enumerat ion with ILP
WCET analysis at  the granularity of basic blocksWCET analysis at  the granularity of basic blocks

SYMTA (SYMbolic Tim ing Analysis), [Wolf and Ernst ]SYMTA (SYMbolic Tim ing Analysis), [Wolf and Ernst ]
Extend basic blocks to program segmentsExtend basic blocks to program  segments
Reduce over-est im ate of WCET on boundaries of basic blocksReduce over-est imate of WCET on boundaries of basic blocks

Cluster calculat ion of WCET [Erm erahl]
Reduce over-est im ate of WCET on boundaries of basic blocksReduce over-est imate of WCET on boundaries of basic blocks

Sym bolic Analysis Methods with abst ract  Sym bolic Analysis Methods with abst ract  
interpretat ion, [Wilhem ],[Stenst rom ]interpretat ion, [Wilhem ],[Stenst rom ]

Analyze WCET without  knowing exact  input  dataAnalyze WCET without  knowing exact  input  data

Only consider single task system sOnly consider single task system s
Preempt ion in mult i-tasking systemsPreempt ion in mult i-tasking systems
Context  switch costContext  switch cost
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Previous Work: Stat ic Tim ing Previous Work: Stat ic Tim ing 
AnalysisAnalysis

Worst  Case Response Tim e (WCRT) Worst  Case Response Tim e (WCRT) 
Analysis for Mult i-tasking System sAnalysis for Mult i-tasking System s

WCRT [Tindell]WCRT [Tindell]
Cache not  consideredCache not  considered

Busquests-Mataix’s MethodBusquests-Mataix’s Method
Preempt ion-related cache reload cost  overest im ated: all Preem pt ion-related cache reload cost  overest im ated: all 
cache lines used by the preempt ing task have to be cache lines used by the preempt ing task have to be 
reloaded.reloaded.

Lee’s ApproachLee’s Approach
Useful memory blocks: used before the preempt ion and Useful memory blocks: used before the preempt ion and 
requested after the preempt ion by the preem pted taskrequested after the preempt ion by the preempted task
ILPILP
Exponent ial w.r.t . the number of tasksExponent ial w.r.t . the number of tasks
May include infeasible preempt ionsMay include infeasible preempt ions
No inter-task cache evict ion analysis m ethod proposedNo inter-task cache evict ion analysis method proposed
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Previous Work: MonitorPrevious Work: Monitor

MonitorMonitor
MAMon ( Mult i-processor Applicat ion 
Monitor) [Shobaki]
Performance Monitor (PM) in IBM PowerPC 
604
Disadvantages:Disadvantages:

Need addit ional hardwareNeed addit ional hardware
Possibly need to insert  inst rum ental Possibly need to insert  inst rum ental 
inst ruct ions in softwareinst ruct ions in software
Dependent  on the execut ion path, no Dependent  on the execut ion path, no 
guarantee on obtaining the worst  case guarantee on obtaining the worst  case 
execut ion/response t im eexecut ion/response t im e
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Preempt ion-related cache reload Preempt ion-related cache reload 
costcost

Why do cache lines need to be Why do cache lines need to be 
reloaded?reloaded?

Inter-task cache evict ionInter-task cache evict ion

Int ra-task cache dependencyInt ra-task cache dependency
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Inter-task cache evict ionInter-task cache evict ion
Two Tasks: T1 and T2Two Tasks: T1 and T2

T2 has a higher priority than T1T2 has a higher priority than T1

T1

T2

R1

CACHE
(SA or DM)

t1 t2

T1

T2

R1’t1 t2

Only cache lines used by both the preempting and the preempted task 
possibly need to be reloaded.

Cache 
reload 

overhead

reloade
d
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Int ra-task Cache dependencyInt ra-task Cache dependency

…

… … … …

Direct -m apped Cache
16 bytes/line, 16 lines

0x00F0
0x00F4

0x00F0 0x00F4 0x00F8 0x00FC

0x0110
0x0114
0x0118

0x00F8

index
0
1
2
3

F
…

Preempted
(execut ion point  s)

…

…
0x1110

Preem pt ing task T2

Preem pted task T1

0x110 0x114 0x118 0x11C

2 lines possibly 
need to be 
reloaded

Only cache  lines t hat  are  used 
before  t he  preem pt ion and 
request ed 
aft e r t he  preem pt ion by t he  
preem pt ed
t ask pot ent ia lly need t o be  
re loaded.

0x0120
0x0124
0x0128

…
0x1120

0x0110
…

0x0120

0x0120 0x0124 0x0128 0x012C
0x1110 0x1114 0x1118 0x111C
0x1120 0x1124 0x1128 0x112C
0x0110 0x0114 0x0118 0x011C
0x0120 0x0124 0x0128 0x012C

…
0x10F0

0x10F0 0x10F4 0x10F8 0x10FC

No need to reload this 
line
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Two Condit ions for Cache Two Condit ions for Cache 
ReloadReload

Used by both the preempt ing and the Used by both the preempt ing and the 
preempted task.preem pted task.

Only cache lines in the intersect ion set  of cache Only cache lines in the intersect ion set  of cache 
lines used by the preem pt ing task and the lines used by the preem pt ing task and the 
preem pted task.preem pted task.

Loaded to the cache before the preempt ion Loaded to the cache before the preem pt ion 
and requested after the preem pt ion by the and requested after the preempt ion by the 
preempted task.preem pted task.

Only cache lines m apped from  “ useful m em ory Only cache lines m apped from  “ useful m em ory 
blocks” .blocks” .
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Inter-task Cache Evict ion Inter-task Cache Evict ion 
AnalysisAnalysis

M em ory Trace  (No dynam ic m em ory M em ory Trace  (No dynam ic m em ory 
a llocat ion)a llocat ion)
Cache Index Induced Part it ion (CIIP)Cache  Index Induced Part it ion (CIIP)

Part it ion a m emory block set  according to their indexPart it ion a memory block set  according to their index
Memory blocks in the same part it ion have the sam e Mem ory blocks in the same part it ion have the same 
index.index.
Cache evict ion can only happen among m em ory blocks in Cache evict ion can only happen am ong memory blocks in 
the sam e part it ion.the same part it ion.

},...,,{ 10 KmmmM =
An L-way set  associat ive cache with N  sets.

})(|{ˆ imidxMmm jji =∈=

}ˆ,...,ˆ,ˆ{ˆ
110 −= NmmmMCIIP of M:

Where,

Y. Tan and V.  M ooney,  “ Tim ing Analysis for Preem pt ive  M ult i-t asking Real-t im e  Syst em s w it h Caches,”  
Proceedings of Design,  Aut om at ion and Test  in Europe (DATE’0 4 ) ,  pp.  1 0 34-1 0 3 9 ,  February 20 0 4 .
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Inter-task Cache Evict ion Analysis Inter-task Cache Evict ion Analysis 
(Cont .)(Cont .)

Use CIIP to est imate the upper bound of inter-task cache Use CIIP to est imate the upper bound of inter-task cache 
evict ion costevict ion cost

},...,,{
2221202 KmmmM =
},...,,{

1111101 KmmmM = }ˆ,...,ˆ,ˆ{ˆ
1,111101 −= NmmmM

}ˆ,...,ˆ,ˆ{ˆ
1,221202 −= NmmmM

Upper bound of the num ber of m em ory blocks that  possibly conflict  in the 
cache:

)ˆ,ˆ,min(),( 2

1

0
121 r

N

r
r mmLMMS ∑

−

=

=
When the cache m iss penalty is fixed, the inter-task cache evict ion cost :

misspre CMMSTTC ×= ),(),( 2121

Path analysis can be applied to t ighten the est im ate 
of inter-task cache evict ion cost

Y. Tan and V.  M ooney,  “ Tim ing Analysis for Preem pt ive  M ult i-t asking Real-t im e  Syst em s w it h Caches,”  
Proceedings of  Design,  Aut om at ion and Test  in Europe (DATE’0 4 ) ,  pp.  1 0 34-1 0 3 9 ,  February 20 0 4.

L – the num ber of ways in the cache
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Inter-task Cache Evict ion Analysis Inter-task Cache Evict ion Analysis 
(Cont .)(Cont .)

An exampleAn exam ple

0x910}} 0x810; 0x710; {0x800}, {{0x700;}ˆ,ˆ{M̂ 11101 == mm

Two Sets of Mem ory Blocks:

A 4-way SA cache with 16 sets, each line has 16 bytes.

0x910} 0x810; 0x710; 0x800; {0x700;M1 =

0x510}} 0x410; 0x310; {{{0x200},}ˆ,ˆ{M̂ 21202 == mm0x510} 0x410; 0x310; {0x200;M2 =

CACHE

0
1
…

idx CACHE

0
1
…

idx

CASE 1 CASE 2

431),( 21 =+=MMS -- gives an upper bound

2 
conflicts

4 
conflicts
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Int ra-task Cache Dependency Int ra-task Cache Dependency 
AnalysisAnalysis

Reaching Mem ory Blocks (RMB)Reaching Mem ory Blocks (RMB)
all possible mem ory blocks that  m ay reside in the 
cache when the task reaches an execut ion point  s

Living Memory Blocks (LMB)
all possible mem ory blocks that  m ay be one of the 
first  L dist inct  references*  to the cache after 
execut ion point  s, where L is the num ber of ways in 
the cache.

Useful Mem ory Blocks (UMB) at  the execut ion 
point  s

Intersect ion of RMB and LMB at  the execut ion point  s

Maxim um  Useful Mem ory Block Set  (MUMBS)
The m axim um  in tersection  set of LMB and RMB over all the 
execution  poin ts of a task

*  By “ dist inct  references”  we m ean the m em ory blocks that  have the sam e index but  different  
addresses. So these m em ory blocks are m apped to the sam e set  in the cache. We also 
assum e that  LRU is used in the cache.
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Integrate Inter- and Int ra-task Integrate Inter- and Int ra-task 
cache t im ing analysiscache t im ing analysis

Only useful m em ory blocks are potent ially required to Only useful m em ory blocks are potent ially required to 
be reloaded.be reloaded.

MUMBS MUMBS of the preem pted task is used in the CIIP of the preem pted task is used in the CIIP 
calculat ion.calculat ion.

)~̂,ˆ,min()
~

,( 2

1

0
121 r

N

r
r mmLMMS ∑

−

=

=

},...,,{
2221202 KmmmM =
},...,,{

1111101 KmmmM = }ˆ,...,ˆ,ˆ{ˆ
1,111101 −= NmmmM

}ˆ,...,ˆ,ˆ{ˆ
1,221202 −= NmmmM

)ˆ,ˆ,min(),( 2

1

0
121 r

N

r
r mmLMMS ∑

−

=

=

}~,...,~,~{
~

2221202 KmmmM = }~̂,...,~̂,~̂{
~̂

1,221202 −= NmmmM

Without  considering UMBs

With considering UMBs

MUMBS
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WCRT AnalysisWCRT Analysis

WCRT Analysis without  considering cacheWCRT Analysis without  considering cache

iT All tasks in the system  sorted in the descending order of their priorit ies.

iRResponse t im e
iT

iC WCET of iT

iT)(ihp The set  of tasks with higher priorit ies than 

iP Period of iT , also defines the deadline

∑
∈

−

×











+=

)(

1

ihpj
j

j

k
i

i
k
i C

P

R
CR
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WCRT Analysis (Cont .)WCRT Analysis (Cont .)
WCRT with CacheWCRT with Cache

Iterat ive calculat ionIterat ive calculat ion

Twice Context  Switch: one for preem pt ion and one for resum ing

RMS is used for scheduling.
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SchedulabilitySchedulability

The tasks are schedulable if:The tasks are schedulable if:
The iterat ion above converges.The iterat ion above converges.

The WCRT of all tasks are less than their The WCRT of all tasks are less than their 
periods.periods.

Otherwise, we cannot  find a feasible Otherwise, we cannot  find a feasible 
schedule.schedule.



SCOPES’04, Septem ber SCOPES’04, Septem ber 
20042004 2121

WCRT Analysis (Cont .)WCRT Analysis (Cont .)

WCRT est imated for each task in the WCRT est imated for each task in the 
descending order of priorit ies of tasksdescending order of priorit ies of tasks

Computat ional Com plexityCom putat ional Complexity
The number of iterat ions for each task is bounded The number of iterat ions for each task is bounded 
by           by           

The com putat ional com plexity in each iterat ion is The com putat ional com plexity in each iterat ion is 
proport ional to the num ber of tasks.proport ional to the num ber of tasks.

All tasks except  the task with the highest  priority All tasks except  the task with the highest  priority 
need to be est im ated.need to be est im ated.

The total com putat ion complexity is           , where The total com putat ion complexity is           , where 
n n is the num ber of tasks.is the num ber of tasks.

0/ PPi

)( 2nO
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Experim entExperim ent

Sim ulat ion ArchitectureSim ulat ion Architecture
ARM9TDMIARM9TDMI
32KB 4-way set  associat ive cache (256 lines in each 32KB 4-way set  associat ive cache (256 lines in each 
way)way)
Atalanta RTOS developed at  Georgia TechAtalanta RTOS developed at  Georgia Tech
Seamless CVE for simulat ionSeamless CVE for simulat ion

Task 0 Task 1 Task 2

RTOS

ARM9 L1 Cache Mem ory

XRAY

VCS

Seam less
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Experim entExperim ent
Five approachesFive approaches

App1 (Busquests-Mataix’s m ethod): All cache App1 (Busquests-Mataix’s m ethod): All cache 
lines used by preem pt ing task are reloaded for a lines used by preem pt ing task are reloaded for a 
preem pt ion. preem pt ion. 
App2: Only lines in the intersect ion set  of lines App2: Only lines in the intersect ion set  of lines 
used by the preem pt ing task and the preem pted used by the preem pt ing task and the preem pted 
task are reloaded after a preem pt ion. Inter-task task are reloaded after a preem pt ion. Inter-task 
cache evict ion m ethod proposed in this paper is cache evict ion m ethod proposed in this paper is 
used here.used here.
App3: All useful memory blocks are reloaded to App3: All useful memory blocks are reloaded to 
the cache. (Lee’s Approach)the cache. (Lee’s Approach)
App4: Integrated Inter- and Int ra-task cache App4: Integrated Inter- and Int ra-task cache 
evict ion analysis. No path analysis is applied evict ion analysis. No path analysis is applied 
here.here.
App5: Int ra-task cache evict ion analysis, Inter-App5: Int ra-task cache evict ion analysis, Inter-
task cache evict ion analysis plus path analysis.task cache evict ion analysis plus path analysis.
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Experim ent  IExperim ent  I

A mobile robot  applicat ion with three A m obile robot  applicat ion with three 
taskstasks

Edge Detect ion (ED)Edge Detect ion (ED)

Mobile Robot  cont rol (MR)Mobile Robot  cont rol (MR)

OFDM for com m unicat ion OFDM for com m unicat ion 
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Results of Experim ent  IResults of Experim ent  I
Three types of preem pt ionThree types of preem pt ion

ED preempted by MRED preempted by MR
OFDM preempted by MROFDM preempted by MR
OFDM preempted by EDOFDM preempted by ED

Est im ate of the num ber of cache lines to be Est im ate of the num ber of cache lines to be 
reloadedreloaded

818185851061068787245245OFDM by EDOFDM by ED

9898135135187187172172254254OFDM by MROFDM by MR

8888118118187187134134245245ED by MRED by MR

App.5App.5App.4App.4App.3App.3App.2App.2App.1App.1preem pt ionspreem pt ions
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Results of Experim ent  IResults of Experim ent  I
WCRT est imatesWCRT est imates

(ART: Actual Response Tim e)
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Results of Experim ent  IResults of Experim ent  I
Improvement  of Approach 5 over other approaches
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Experim ent  IIExperim ent  II
DSP applicat ionDSP applicat ion

Adapt ive Different ial Pulse Coding Adapt ive Different ial Pulse Coding 
Modulat ion Coder (ADPCMC)Modulat ion Coder (ADPCMC)

ADPCM Decoder (ADPCMD)ADPCM Decoder (ADPCMD)

Inverse Discrete Cosine Transform  (IDCT)Inverse Discrete Cosine Transform  (IDCT)
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Results of Experim ent  IIResults of Experim ent  II

Three types of preem pt ionThree types of preem pt ion
ADPCMD preem pted by IDCT ADPCMD preem pted by IDCT 
ADPCMC preempted IDCTADPCMC preempted IDCT
ADPCMC preempted by ADPCMDADPCMC preempted by ADPCMD

Est im ate of the num ber of cache lines to be Est im ate of the num ber of cache lines to be 
reloadedreloaded

4646555589895858183183ADPCMC by ADPCMC by 
ADPCMDADPCMD

646492929898114114220220ADPCMC by ADPCMC by 
IDCTIDCT

5656646498986868249249ADPCMD by ADPCMD by 
IDCTIDCT

App.5App.5App.4App.4App.3App.3App.2App.2App.1App.1preem pt ionspreem pt ions
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Results of Experim ent  IIResults of Experim ent  II
WCRT est im atesWCRT est im ates
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Results of Experim ent  IIResults of Experim ent  II
Comparison of Approach 5 with other Comparison of Approach 5 with other 
approachesapproaches
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Experim ent  IIIExperim ent  III
Six TasksSix Tasks

7675767528302830283928391392139215801580830830WCET (cycles)WCET (cycles)

50000500004000040000200002000013000130009000900070007000Period (cycles)Period (cycles)

776655443322Priorit iesPriorit ies

ADPCMCADPCMCOFDMOFDMADPCMDADPCMDEDEDIDCTIDCTMRMRTasksTasks

WCRT est im ates of OFDM and ADPCMC

Com parison Approach 5 with Approach 4:
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Experim ent  IVExperiment  IV
Show the affects of infeasible preem pt ions Show the affects of infeasible preem pt ions 
in Lee’s approachin Lee’s approach

Use the sam e tasks specified in Lee’s Use the sam e tasks specified in Lee’s 
experim entsexperim ents

Com pute the WCRT with our WCRT est im ate Com pute the WCRT with our WCRT est im ate 
form ulaform ula

Cache m iss penalty =  100 cycles (used in Lee’s experim ent )
WCRT of FIR with Lee’s Approach= 5,323,620 cycles
WCRT of FIR with our approach (Approach 5) = 3,297,383 cycles
Reduct ion in WCRT est im ate =  38%
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ConclusionConclusion
Preempt ion-related cache reload cost  Preempt ion-related cache reload cost  
is determ ined by both inter- and int ra-is determ ined by both inter- and int ra-
task cache dependency.task cache dependency.

The WCRT est im ate is also affected by The WCRT est im ate is also affected by 
the est im ate of the num ber of the est im ate of the num ber of 
preem pt ions.preem pt ions.

Integrat ing inter- and int ra-task cache Integrat ing inter- and int ra-task cache 
dependency analysis with path dependency analysis with path 
analysis can t ighten the WCRT analysis analysis can t ighten the WCRT analysis 
significant ly.significant ly.
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Future WorkFuture Work

Fix est im ate accuracy for nested Fix est im ate accuracy for nested 
preem pt ionspreem pt ions

Invest igate the factors that  cause Invest igate the factors that  cause 
overest im ate in WCRT analysisoverest im ate in WCRT analysis

Invest igate how cache param eters Invest igate how cache param eters 
affect  WCRT analysisaffect  WCRT analysis
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Thank you!Thank you!


