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What is “WCET”?What is “WCET”?

WCETWCET = Worst case= Worst case
BCETBCET = Best case= Best case

0 tighter tighter

safe BCET
estimates

safe WCET
estimates

actual 
BCET

actual 
WCET

possible execution times

WCETWCET = Worst case= Worst case
BCETBCET = Best case= Best case
ACETACET = Average case= Average case
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Static WCET AnalysisStatic WCET Analysis

Find the WCET of a programFind the WCET of a program
Using offline static analysisUsing offline static analysis
Need to model & analyze:Need to model & analyze:

Program flowProgram flow
Cache behaviorCache behavior
Pipeline timingPipeline timing

… and their interaction… and their interaction

Flow 
analysis

Low level
analysis

Calculation

Program

WCET
Estimate

Low level
analysis
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Previous WorkPrevious Work

Pipeline analysis by pairs of blocksPipeline analysis by pairs of blocks
Kim et al. 1995Kim et al. 1995
OttosonOttoson & & SjödinSjödin 19971997
AltenberndAltenbernd & & StappertStappert 19991999
Bate et al. 2000Bate et al. 2000
Colin & Colin & PuautPuaut 20012001
AtanssovAtanssov et al. 2001et al. 2001
LundqvistLundqvist 20022002

Pipeline analysis Pipeline analysis alongalong complete pathscomplete paths
Healy et al. 1999Healy et al. 1999
ZiegenbeinZiegenbein et al. 2001 et al. 2001 
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Previous WorkPrevious Work

By short sequencesBy short sequences
EngblomEngblom & & ErmedahlErmedahl, 1999, 1999
StappertStappert et al., 2001et al., 2001

By complete state explorationBy complete state exploration
Lim et al., 1998Lim et al., 1998
Ferdinand et al., 2001Ferdinand et al., 2001

::All concrete methods to solve ::All concrete methods to solve 
concrete analysis problemsconcrete analysis problems
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The QuestionThe Question

How large pieces of a program How large pieces of a program 
have to be analyzed to find a have to be analyzed to find a 
perfect picture of pipeline perfect picture of pipeline 
behavior?behavior?
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IF
EX
M
F

IF
EX
M
F

Pipeline InteractionsPipeline Interactions

IF
EX
M
F

IF
EX
M
FIF

EX
M
F

IF
EX
M
F

IF
EX
M
F

IF
EX
M
F

PairwisePairwise overlap: speedoverlap: speed--up up 
that we want to account forthat we want to account for

Interaction across Interaction across 
three blocks!three blocks!
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Program Program 
& Timing & Timing 

ModelModel
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Program GraphProgram Graph

Deterministic assumption:Deterministic assumption:
Each node has precisely one timeEach node has precisely one time
Execution facts fix all variablesExecution facts fix all variables
Use multiple nodes to model variabilityUse multiple nodes to model variability

Example:Example:
A

B

C

B missB hit

A miss

C hit

Instruction Instruction 
B can hit or B can hit or 

miss the miss the 
cachecache
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Program Timing ModelProgram Timing Model

Times (Times (ttAA))
For single nodesFor single nodes

Timing effects (Timing effects (δδABCABC))
For sequences of nodesFor sequences of nodes
PairwisePairwise or long (>2 nodes)or long (>2 nodes)
Effect of differing previous nodesEffect of differing previous nodes

Execution time: Execution time: T(A..Z)=T(A..Z)=ΣΣ t + t + ΣΣ δδ
All times & all subsequences for  A..ZAll times & all subsequences for  A..Z
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Program Timing ModelProgram Timing Model

Deriving timing effects:Deriving timing effects:
For sequence For sequence 
δδA..ZA..Z=T(AB..YZ)=T(AB..YZ)--T(AB..Y)T(AB..Y)--T(B..YZ)+T(B..Y)T(B..YZ)+T(B..Y)

Negative for speedupNegative for speedup
Positive for slowdownPositive for slowdown
δδABAB=T(AB)=T(AB)--T(A)T(A)--T(BT(B)): : PairwisePairwise effectseffects

δδA..ZA..Z≠≠00 means that means that AA affects affects ZZ
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PairwisePairwise Timing EffectsTiming Effects

Effects between two Effects between two instrinstr::
IF
EX
M
F

T(A)=3T(A)=3
IF
EX
M
F

T(B)=6T(B)=6

IF
EX
M
F

T(AB)=7T(AB)=7
δδABAB==--22

AttAA=3=3

BttBB=6=6
δδABAB=7=7--66--3+0=3+0=--22

“Always” appears in pipelines“Always” appears in pipelines
Always negative or zeroAlways negative or zero
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Long Timing Effect (LTE)Long Timing Effect (LTE)

In a single pipeline (already seen ||)In a single pipeline (already seen ||)
IF
EX
M
F

T(A)=6T(A)=6

IF
EX
M
F

T(B)=3T(B)=3

IF
EX
M
F

T(C)=6T(C)=6

δδABAB==--22

δδBCBC==--22

AttAA=6=6

BttBB=3=3

CttCC=6=6
δδABCABC==--33

IF
EX
M
F

T(AB)=7T(AB)=7

IF
EX
M
F

T(BC)=7T(BC)=7
IF
EX
M
F

T(ABC)=8T(ABC)=8
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Long Timing Effect (LTE)Long Timing Effect (LTE)

Property of the Property of the pipelinepipeline, , 
not of our particular modelnot of our particular model
Negative (Negative (δδA..ZA..Z <0<0):):

Can be safely ignoredCan be safely ignored

Positive (Positive (δδA..ZA..Z >0>0):):
Have to be considered for safetyHave to be considered for safety
The main problem in pipeline modeling The main problem in pipeline modeling 
for static WCET analysisfor static WCET analysis
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Pipeline Behavior ModelPipeline Behavior Model

Question: when do Question: when do LTEsLTEs occur?occur?
To anTo answer this, we built a swer this, we built a 
constraint model of pipelinesconstraint model of pipelines

Sufficient for Sufficient for inin--orderorder pipelinespipelines
SingleSingle--issueissue (or VLIW) required(or VLIW) required

Details in the Details in the paperpaper
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ResultsResults
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IF
EX
M
F

Source of Source of LTEsLTEs

We have proven that We have proven that LTEsLTEs over over 
II11 .. .. IImm require that:require that:

The first instruction (The first instruction (II11) stalls ) stalls 
one of its successorsone of its successors
OR OR 
The first instruction (The first instruction (II11))
reaches past reaches past II22 .. I.. Imm--11

NB: not sufficient conditionNB: not sufficient condition

IF
EX
M
F
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Source of Source of LTEsLTEs

OneOne stall can give stall can give severalseveral LTEsLTEs
A single stall can giveA single stall can give

Positive, andPositive, and
Negative timing effectsNegative timing effects

A stall need not give A stall need not give LTEsLTEs
Depends on exact timing of Depends on exact timing of instrsinstrs
Many such cases on the V850EMany such cases on the V850E
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Only Negative LTEOnly Negative LTE

Prove absence of positive Prove absence of positive δδ
Only negative Only negative LTEsLTEs occur when:occur when:

Single pipelineSingle pipeline
All data dependences go between All data dependences go between 
adjacent instructionsadjacent instructions

Multiple pipelines means Multiple pipelines means ++
NonNon--adjacent data adjacent data depdep means means ++
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Only Negative Only Negative LTEsLTEs

Consequences:Consequences:
Some lucky processors have no Some lucky processors have no LTEsLTEs

Examples:Examples:
NEC V850NEC V850
ARM7, ARM9ARM7, ARM9
Most fiveMost five--stage RISC pipelinesstage RISC pipelines

Allows safe approximate analysisAllows safe approximate analysis
Analyze sequences up to some length lAnalyze sequences up to some length l
Can be very tight & efficientCan be very tight & efficient
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Unbounded LTEUnbounded LTE

In a single pipelineIn a single pipeline
IF
EX
M
F

T(A)=6T(A)=6

IF
EX
M
F

T(C)=6T(C)=6
δδABAB==--44

δδBCBC==--44

AttAA=6=6

BttBB=7=7

CttCC=6=6

IF
EX
M
F

T(B)=7T(B)=7

IF
EX
M
F

T(AB)=9T(AB)=9

BttBB=7=7

δδBBBB==--44
IF
EX
M
F

T(BB)=10T(BB)=10
IF
EX
M
F

T(BC)=9T(BC)=9
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IF
EX
M
F

IF
EX
M
F

Unbounded LTEUnbounded LTE

In a single pipelineIn a single pipeline
IF
EX
M
F

T(A)=6T(A)=6 T(B)=7T(B)=7

IF
EX
M
F

T(C)=6T(C)=6

T(AB…B)=6+3nT(AB…B)=6+3n

δδABAB==--44

δδBCBC==--44

AttAA=6=6

BttBB=7=7

CttCC=6=6

BttBB=7=7

δδBBBB==--44
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IF
EX
M
F

IF
EX
M
F

Unbounded LTEUnbounded LTE

In a single pipelineIn a single pipeline
IF
EX
M
F

T(A)=6T(A)=6 T(B)=7T(B)=7

IF
EX
M
F

T(C)=6T(C)=6

T(AB…BC)=7+3nT(AB…BC)=7+3n

δδABAB==--44

δδBCBC==--44

AttAA=6=6

BttBB=7=7

CttCC=6=6

BttBB=7=7

δδBBBB==--44
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IF
EX
M
F

IF
EX
M
F

Unbounded LTEUnbounded LTE

In a single pipelineIn a single pipeline
IF
EX
M
F

T(A)=6T(A)=6 T(B)=7T(B)=7

IF
EX
M
F

T(C)=6T(C)=6

T(AB…BC)=7+3nT(AB…BC)=7+3n

δδABAB==--44

δδBCBC==--44

AttAA=6=6

BttBB=7=7

CttCC=6=6

BttBB=7=7

δδBBBB==--44

IF
EX
M
F

T(B…B)=4+3nT(B…B)=4+3n
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IF
EX
M
F

IF
EX
M
F

Unbounded LTEUnbounded LTE

In a single pipelineIn a single pipeline
IF
EX
M
F

T(A)=6T(A)=6 T(B)=7T(B)=7

IF
EX
M
F

T(C)=6T(C)=6

T(AB…BC)=7+3nT(AB…BC)=7+3n

δδABAB==--44

δδBCBC==--44

AttAA=6=6

BttBB=7=7

CttCC=6=6

BttBB=7=7

δδBBBB==--44

IF
EX
M
F

T(B…BC)=6+3nT(B…BC)=6+3n
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IF
EX
M
F

Unbounded LTEUnbounded LTE

In a single pipelineIn a single pipeline
IF
EX
M
F

T(A)=6T(A)=6 T(B)=7T(B)=7

IF
EX
M
F

T(C)=6T(C)=6
δδABAB==--44

δδBCBC==--44

AttAA=6=6

BttBB=7=7

CttCC=6=6

BttBB=7=7

δδBBBB==--44

T(AB..B)=6+3nT(AB..B)=6+3n
T(AB..BC)=7+3nT(AB..BC)=7+3n T(B..B)=4+3nT(B..B)=4+3n

T(B..BC)=6+3nT(B..BC)=6+3n

δδAB..BCAB..BC=T(AB..BC)=T(AB..BC)--T(AB..B)T(AB..B)--T(B..BC)+T(B..B)T(B..BC)+T(B..B)

δδAB..BCAB..BC=7+3n=7+3n--66--3n3n--66--3n+4+3n=113n+4+3n=11--12=12=--11

δδAB...BCAB...BC==--11
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Unbounded LTEUnbounded LTE

Not just negativeNot just negative
Example of positive effect in thesisExample of positive effect in thesis

Can appear in the simplest of Can appear in the simplest of 
pipelines (unexpected)pipelines (unexpected)
Consequences:Consequences:

Not obvious that analyzing up to some Not obvious that analyzing up to some 
fixed maximal distance is safefixed maximal distance is safe
Analysis can get very complexAnalysis can get very complex
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PerspectivesPerspectives
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ConclusionsConclusions

PairwisePairwise analysis usually unsafeanalysis usually unsafe
A few lucky pipelines A few lucky pipelines 

Efficient analysis possibleEfficient analysis possible
When few & bounded When few & bounded LTEsLTEs
InIn--order scalar CPUs without speculationorder scalar CPUs without speculation

General analysis: check all statesGeneral analysis: check all states
Applicable to any pipeline with a modelApplicable to any pipeline with a model
More More LTEsLTEs means more complex analysismeans more complex analysis
Work in Work in SaarbrückenSaarbrücken on on ColdfireColdfire & PPC& PPC






