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Outline

Backgr ound Limited-preemption scheduling model in real -time code.

Model Series-parallel flowgraphs.

Problem

Optimize the WCET+CRPD of the flowgraphs.
Statement

Solution Graph grammars; Dynamic programming,
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Limited Preemption Scheduling

Reduce WCET+CRPD

mPrecise upper bounds on the cache-related
preemption delays (CRPD).
mDelay the preemption to maintain a job's locality.

Write B
Cache evictions by preempting X
higher-priority tasks. J o) l
J, .

Write A

vBackground

Cache

4

Cache reload

A’/

Read A Cache eviction



vBackground

Limited Preemption Scheduling

Reduce WCET+CRPD when arbitrarily preempt

mPrecise upper bounds on the cache-related
preemption delays (CRPD).
mDelay the preemption to maintain a job's locality.

Reduce CRPD via limited preemption
while preserving system schedulability.




vBackground

Related Work

Fixed preemption point |  Floating preemption

Preemption model ~ models point models

Baruah ['05]

Burns ['94] Bertogna and Baruah
[10]

@ EDF scheduled
systems
Scheduling <

algorithm Fixed Priority Burns ['94], Bril et al. [09],
W scheduled systems Bertogna et al. ['11], Davis et al. ['12]

N

Yao et al. ['09]

N

Linear code o
Code P . Bertogna et al.['10, '11]

structure Conditional code .
_ structure




vModel

Model

Control tlowgraph: G, =(V,E,d,,6,)
V ={4,,6,,..,0,} :setof basic blocks (BBs)
(61,6,) eECV xV : set of edges
C:V>R>0 :WCET function of BBs
SIEH>R20 : CRPD function of edges
PPP : Potential Preemption Point

EPP : Effective Preemption Point




Model

Series-parallel graphs:

O——O

Graph Creation

1

Can handig "if else ; and

"switch" statements.

Series Composition

O—O0—0
O—O0—0 O—O0—=0
i {

Parallel Composition

vModel
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Problem statement:

Problem Statement

vProblem Statement

Given Gp € G and associated functions £ and C, find S C E

that minimizes

Choose the path with
max WCET+CRPD

O(Gp,S) < max
pepaths(Gp.ds.5-)

{

\

.
Sum of BBs' WCET

Series-parallel graphs

Sum of selected
edges' CRPD

> Cl)+ Y &(du,dv)
du €D 02,04 EP
(8u.00)ES

N

e (D)

/

subject to the constraint that Vp € paths(Gp, ds,0.),0d; € p:
de1 = (0w, 0y), €2 = (04,0,) € 5 =

Upper bound of NPR from
NPR from e1 to 0, schedulability analysis
A
e N
(6w =Zp 6 Zp 6y) A | &le)+ DY CE)<Q]. (2
5:; cp
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vProblem Statement

Problem Statement

Find a selection of EPPs that minimizes the WCET+CRPD of

a flowgraph.
The cost of any non-preemptive region should less than Q.
Q=8

3 4 1 2 1 2 1 3 2
A B C D F G H 1

1 3 5 5 1 6 3 1

I I I Optimal selection of EPPs
NPR, NPR, NPR, NPR, in sequential flowgraphs
Cost=7 Cost=7 Cost=7 Cost=3 { Bertogna et al.['11] “
Cost =24




vProblem Statement

Problem Statement
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How about the previous algorithm for conditional

structure?
, 1 Q=8
D E F
5 1 6
N 1 2
k 1 & 3 ¢ J 2 L
I \1 2 3/ I

.....................................................

. Upper path: 28

Lower path: 25 . . . _ o
 Combined result: 32 (U) Previous algorithm is not optimal for conditional structure.

Use graph grammar and dynamic programming technique.

....................................................




GI' aph GI‘ ammar vSolutions

13
Decompose control tlowgraphs (Linear time parsing)

Extended Backus-Naur Form (EBNF)
| =

. <SB>
“Blocks> | —> b
¢ | =CB= <Blocks> <Blocks=>+
1
\ St 52T

=SB

<Blocks> <Blocks™ — ~ CB:'= 9
- g <SB> —_—

(d (cB) =
5

(a) (Blocks) — ((SB)|(CE)), e;, (Blocks) (b) (Blocks) — ((sB)|(cB)) (¢) (s8) — &; ileiy (Blocks)e ], (i (Blocks).e ;) 4,



Dynamic Programming:
Sequential Block

+vSolutions
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Q=8 3 14

o o lals [ Cost matrices reflect optimal substructures ]

<SB> [<SB>

Blocks containsd, and 65 :  Cost[d; ][0, ] Blocks only contains 6 :  Cost[o,][J, ]

\01 3 4 5 6 7 \01234567

-7--"8 8 INF INF INF INF - 4 4 4 4 INFINF INF
-8---8---8 - INE_INF INF INF @ INF |NF@ INF

1 (7)-8--8---8-INEINF IN 1

2 8 8 8 8 INFINFINFINF—.__ 2 4 INF INF INF JNF INF
3 8 8 8 8 INFINFINFINF 34 4 }/NF INF INE-ANF INF INF
4 8 8 ' 8 INF INF INF INF 4 @)nxuZ INF-INF INF INF INF INF
5 -8 INF |NF@rNF ------- 5 TINF/INF INF INF INF INF INF INF
6 INF INF INFAINF INF-INF INFINF -6 INF INF INF INF INF INF INF INF
7 INF INF INF INF-INF INF INF_I—NI*:_::\\_]\ INF INF@INF INF INF INF INF

_____~_= ________________________

1:Cost[551[6,1=C(Sa) +&(Sa & )+C05’tprev =3+1+4=8__1;@ostf& (‘”5“‘& - 1[0, 1 = g"g[l][Q]
2:Cost[5,1[5,]1=C(5,) +Cost,,,, =3+4=7 2 Costfss +SHos 1= C-OS‘E[-ZIr]-[O]’—’4---
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Dynamic Programming:
Conditional Block and Block Union

I

<SB>

1, A optimal EPP selection of a

larger block is combined by the
optimal selections of left block
and right block.

CostiOHo—> . O(V |QY)

«Solutions

Corollary

[ (1) Get the optimal value of when
preempt.
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Dynamic Programming:
Conditional Block and Block Union

«Solutions

Contribution

In conditional structure:
Optimal EPPs selection in pseudo-polynomial time.

Q=8
Cost[0][0] Oo(V Q%)
2 1 2
D E F
5 5 1 6
3 4 1/ \1 3 2
1 b 3 = J 3 K R L
\1 2 3/
G H I
1 6




An Alternative Heuristic Soltions
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Approximate flexible g x o matrix
The WCET+CRPD will be larger than the optimal one.
Reduce running time. i Z0
=V. o
Time complexity: O(|V | a®) 5 . ]=0:x
[J step each time \ . [9} 2(@' i'[Q—‘
Q ) Cost[0][0] Q . al |a a
) i 0
2 1 2
Q
/ 5 = 1 : 6 [ﬂ
3 4 1 \1 3 5 . PW
A B C K L. a
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Computational Complexity

Consider parse tree and cost matrix:
Optimal solution: O(|V | Q°®)

Heuristic solution: O(|V | a°)
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Randomly generate control tlowgraphs:

number of BBs.

number of CBs.

WCET of BBs: )

(Gaussian distribution.

CRPD:
Correlates adjacent EPPs.

& | Bertogna et al.['11]

Randomly generated

with a gaussian factor. J



Simulations: WCET+CRPD Soluions
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SEQ =
COND(OPT)
COND(50x50) -

7e+006
6e+006
5e+006
CRPD +WCET(ns) 4e+006
3e+006
26+006

1e+006

300000

Fig. 4. Comparison of WCET over Different Values of () and Number of
Conditional Blocks (C') for SEQ, COND(OPT), and COND(50 x 50).

WCET trend

{ OPT (green mesh)<Alternative heuristic (black mesh)<SEQ (red mesh) ‘
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Simulations: Running time Sontions

SEQ ——
/ \\ COND(OPT) ——

COND(50x50) -

35000
30000
25000
20000
Time(ms)
15000
10000

5000

G

300000

Fig. 5.  Comparison of Algorithm Running Times over Different Values

of (Q and Number of Conditional Blocks (C') for SEQ, COND(OPT), and
CONDLEO v =0

Alternative heuristic (black mesh) dominates over OPT and SEQ




Simulations: WCET+CRPD Soluions
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COND(50X50) —=—
_\ COND(100x100)

COND(500x500) - *-

3.6e+006
3.4e+006

3.2e+006

3e-+006

CRPD + WCET(ns) 2.8e+006
2.6e+006

2.4e+006

2.2e+006

2e+006

16

100000
150000 4

200000 2
Q(ns) 250000

Fig. 6. Comparison of WCET over Different Values of () and Number of
Conditional Blocks (C') for heuristics.

Comparison of different setting for heuristics

Smaller size of matrices does not significantly increase WCET+CRPD ‘




Simulations: Running time Sontions
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COND(50x50) —=—
COND(100x100)

COND(500x500) =~ =~ = .~ ew

25000
20000
15000
Time{ms)
10000
5000

0

16

100000
150000

Q(ns) 250000 0
300000

Fig. 7. Comparison of Algorithm Running Times over Different Values of
() and Number of Conditional Blocks ((C') for heuristics.

Comparison of different setting for heuristics

{ Smaller size of matrices significantly decreases running time




Additional Structure

-

-
“i

(a) Loops:

mUnrolled Loop
mNon-Unrolled Loop

(a) (Loop)
{d;.e;. (Blocks}, e, ‘Sj’elcop' Titer

=SB —

(b) Function call: @

mCalculate the cost matrix of Fi

mEmbed Fi to the main control flowgraph (b) (s - F,
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Conlusions and Future Work

Conlusions:

vFuture Work

Extend the structure to conditional blocks (also loops and function call)

Optimal algorithm for selection of EPPs

An alternative heuristic to reduce running time

Exhaustive simulation

Future work:
Planar separator theory
Parameterized theory

NP-Completeness

r
iy

Do optimal algorithms

using polynomial time exist?

Or, is the problem NP-Complete?

Implement this technique in automatic code generation
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Thanks!
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EDF scheduled
systems

Fixed preemption
point models

EDF scheduled
systems
Floating preemption
point models

Fixed Priority
scheduled system
Fixed preemption

point models

Fixed Priority
scheduled
systemFloating
preemption point
models

linear code structure
Fixed preemption
point models

Burns ['94] : [11] A. Burns. Preemptive priority based scheduling: An appropriate engineering approach

Baruah ['05] :
Bertogna and S. Baruah ['10] :

[4] S. Baruah. The limited-preemption uniprocessor scheduling of sporadic task systems.
[5] M. Bertogna and S. Baruah. Limited preemption EDF scheduling of sporadic task systems.

Burns ['94] :
Bril et al.['12]: [10]Worst-case response time analysis of real-time tasks under fixed-priority scheduling with deferred
preemption.

[11] A. Burns. Preemptive priority based scheduling: An appropriate engineering approach

Bertogna et al. ['11]: [7] M. Bertogna et al. Improving feasibility of fixed priority tasks using non-preemptive regions.

Davis et al. ['12] : [13] R. Davis and M. Bertogna. Optimal fixed priority scheduling with deferred preemption.

Yao et al. ['09]: [19] G. Yao, G. Buttazzo, and M. Bertogna. Bounding the maximum length of non-preemptive regions under
fixed priority scheduling.

Bertogna et al. ['10]: [6] M. Bertogna et al. Preemption points placement for sporadic task sets.

Bertogna et al. ['11]: [8] M. Bertogna et al. Optimal selection of preemption points to minimize preemption overhead.



Additional Structure: Loops
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2 4 J 2 l 2 2
@100@1@2 b 100@

100

(a) Non-Unrolled Loop Example

(a) Non-Unrolled Loop:

mWhether preempt at ¢, ¢, e :
eight possible situations

mChoose the smallest one as
the value of the cost matrix

100

2 4 2 2 2

4 2 2
1005 1 /77N 2 /005N 1 /77N 2 /o100
(DA H{(()

(b) Unrolled Loop Example

(b) Unrolled Loop:

mPreemption places inside the
loop 1s not fixed

mIntegrate this structure to
conditional structure
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CondBlockGrammar_o_f.g : grammar CondBElockGrammar o £

..... ?f prw

""" @ q @header {

----- B delta_i import jawa.lang.Math;

..... B delta_j import jawa.util.*;

----- B blocks ¥

----- B sb_lead_blocks amembers {

----- B cb_lead_blocks int 0:

----- F) loop_lead_blocks int func_nuwher:

..... B function int Delta i, Delta j:

_____ ® function_call puhl%c int[][] CostMatrix;

_____ B cb int id: _ ) ) . .
HashMap<Inhteger,ObjectCostmatrix> FunctionCostmap=new HazhMap- Integer, O0bjectCostmateix=();

----- ) sh CombinedBlock o _nl PragElock;

----- B loop CombinedBlock_o_nl FuncElock:;

..... P bb public int WCETCREPD:

----- 9 D }

""" 9 INT [prog : o fh=function

----- L NEWLINE

..... o We b=hlocks HEVLINE |

{

ProgElock = new CombinedBElock o _nlib, Q):

FPuncBlock = new ConbinedBlock o nl(fh, 0);

WCETCRPD = FrogElock.CostMatrix[O][0]+FuncElock.CostMatrix[Delta i]J[Delta_3j]:
ystem. out.println("The optimal WCET i=s " + WCETCRPD) ;

System.out.print("The selected EPPs are: ")

ProgBlock.PrintOptiolution(0,0);

FuncElock.PrincOptiolution(o,0);

prog —I-E]—I-[ function ]—I-[ blocks HEWLINE
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- =

CondBlockGrammar_o_f.g

T

EBlock_o_nl LeftBlock, RightBlock=null;

----- B prog int edge=-1;
..... B q }
..... P i
:je:ia—'_ loop{leftBlock=5loop.Blk;} (x=INT blocks{edge = Integer.parseInt($x.text]; RightBlock= $hlocks.BElk:} )2
----- Bl delta_j {
----- B} blocks if (RightBlock '= null){
----- Bl sh_lead_blocks EBlk = new CombinedBlock o nliLeftBlock, RightBElock, edge, 0Q):
----- B ch_lead_blocks telse Blk < LeftBlock:
----- B loop_lead_blocks ) = hE neR:
----- P function
----- B function_call
----- B cb
..... F) sh (2
""" 2 l':":'p [Jfunction returns [BElock_o_nl Blk]
----- 8 bb
----- v I [ {'f:' x=INT delta i blocks delta j
----- 9 INT {
_____ O NEWLINE Elk=5hlocks.Elk:;
® ws FunctionCostmap.put(Integer.parselnt ($x. text), new ObjectCostmatrix (Blk.CostMatrix)):
..... y
Ifl
1+) 2
] ;
function call returns[3eqBlock _o_nl Blk]
] : 'F' x=INT
{
ObjectCostmatrix Matrix=FunctionCostmap.get(Integer.parselnt($x. text))

function (e oo |—{astts 1 )}—~(Dlookes )} —={catea




EBsh] 2] @«= 3%

CondBlockGrammar_o_f.g

4

FunctionCostmap. put{Integer.parseInt($x. text), new ObjectCostmatrix (Blk.CostMatrix)):

----- E) prog }
..... E‘ q . .
----- B delta_i
----- P delta_j
----- ) blocks 1417
----- ) sh_lead_blocks 0 ;
----- B cb_lead_blocks
""" & lDUp—lead—h|UCkS function call returns[SegBlock o nl EBlk]
----- B} function ) T 'F' x=THT T
----- P function_call {
----- B cb
_____ P ch ObjectCostmatrix Matrid=FunctionCoztwap.get|(Integer.parselnt (Sx. text));
_____ B |C|Dp ::Lnt. function_cost:l‘{atrix._Costmat.rix[Delta_i][Delta_j];
int leftbhbh wcet=(-Delta i;
""" B bb int righthE_wcet=Q—Delt§_j;
..... o 1D int edge=0;
----- O INT
_____ 9 NEWLINE Basj.cBlock_o_nl lbb = new Basj.cBlock_o_nl("]hh" B lgfthb_wcet];
EasicEBElock o nl rbb new BasicBlock o nl("rbh", rightbbh wcet):
----- O WS -~ - -
ZeqBlock_o_nl rb = new SeqBlock_o_nl(rbb, 0):
Blk= new SeqBlock_o_nl{lbb, rh, 0, 017
}
] ;
[Jch returns [CondBElock_o_nl Elk] H
'[' lbk=bh rkb=hb {Blk = new CondBlock_o_nl($1kk.BBElk, Srkb.BBElE.0Q):}
{'<' x=INT b=hlocks 7=INT {Elk.iddBElock(%k.EBElk, Integer.parselnt($x.text), Integer.parselnti$y. text)):} '='1+ ']’
{Blk.Computeldptiali) -}
- O ;
function_ecall




