
A Flexible  Tradeoff bet w een
Code Size  and W CET Using a

Dual Inst ruct ion Set  Processor

Sheayun Lee, Jaejin Lee,

Chang Yun Park, and Sang Lyul Min
Seoul Nat ional University & Chungang University

Septem ber 3, 2004

SCOPES 2004, Am sterdam , The Netherlands



Sheayun Lee - SCOPES 2004 2

M ot ivat ion

Embedded system s are often 
const rained in term s of both
• code size

due to a lim ited amount  of available m em ory

• execut ion t ime
due to real-t im e nature of applicat ions

Both const raints should be considered 
at  the sam e t im e, in order to build 
cost -effect ive system s
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Dual Inst ruct ion Set  
Processors

Full inst ruct ion set
• large inst ruct ions (usually 32 bits / 

inst ruct ion)

• faster execut ion

Reduced inst ruct ion set
• small inst ruct ions (usually 16 bits / 

inst ruct ion)

• slower execut ion in exchange for smaller 
code size

Provides a m echanism  for t radeoff 
between code size and execut ion 
perform ance
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Prior W ork

Select ive code t ransform at ion
• code generat ion for dual inst ruct ion set  

processors
aimed at  im proving the average case 
perform ance

• detailed cost -benefit  model based on 
profile informat ion

• reference:
S. Lee, J. Lee, S. L. Min, J. Hiser, and J. W. Davidson. 
Code Generat ion for a Dual Inst ruct ion Processor 
Based on Select ive Code Transform at ion . [SCOPES 
2003]
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Average Case Opt im izat ion 
vs.
W orst  Case Opt im izat ion

Average case perform ance 
opt im izat ion
• t radit ional compiler opt im izat ions

• can be based on profile informat ion

Worst  case perform ance opt im izat ion
• targeted towards enhancing WCET (worst  

case execut ion t im e)

• should be based on WCEP (worst  case 
execut ion path) informat ion
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Our Goals

Provide a m echanism  to enable a 
flexible t radeoff between code size 
and WCET

Enable opt im izat ion towards 
enhancing the worst  case 
perform ance of program s

→ A fram ework that  can be used to 
fine-tune an applicat ion program  on a 
spect rum  of code size and worst  case 
perform ance
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Select ive  Code 
Transform at ion
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Pat h-Based Profit abilit y 
Analysis

In determ ining which blocks are to be 
t ransform ed, basic blocks should not  
be considered individually
• insert ion of mode switch inst ruct ions

code size overhead

execut ion t im e overhead

• profitabilit y (reduct ion of WCET for code 
size increase) assessed for each acyclic 
subpath of the WCEP
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Cost -Benefit  M odel
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Select ion Algorit hm :
Greedy Heurist ic

B ← U s – SR

R ← V
F ← ∅
P ← {acyclic subpaths of the WCEP}

while (there exists a path p  ∈ P s. t . c (p) ≤ B and b (p) ≥ 0) {
for each p  ∈ P, calculate r (p) = b (p) /  c (p)

select  p  ∈ P with maximum  r (p) with c (p) ≤ B
B ← B – c (p)
F ← F ∪ V (p)
R ← R – V (p)
if (change in WCEP)

P ← {acyclic subpaths of the new WCEP}
else

P ← P – { p  | V (p) ∩ R = ∅ }
}
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Inform at ion Updat e

In each iterat ion of the select ion 
algorithm , the following m ust  be 
updated
• cost  and benefit  associated with each 

subpath
since t ransform ing a subpath may affect  the 
cost  and benefit  of other subpaths

→ re-calculate them  in each iterat ion

• WCEP informat ion
since the previous WCEP is no longer 
guaranteed to have the largest  execut ion 
t im e, because the WCET has been reduced

→ t im ing update using an annotated syntax 
t ree
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Hierarchical W CET Analysis

A set  of t im ing form ulas for different  
types of program  constructs, 
operat ing on each node in the syntax 
t ree
Extensions to account  for history-
sensit ive t im ing variat ions
• PA (path abst ract ion) and WCTA (worst  

case t im ing abst ract ion)

• concatenat ion and pruning operat ions
→ effect ively enum erate all the possible 

execut ion paths in the program
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Tim ing Updat e

Tim ing update inform at ion is 
propagated upwards in the syntax 
t ree
• begin from  the leaf nodes (basic blocks) 

whose execut ion t imes have been 
changed

• WCTAs for nodes encountered are 
updated unt il the root  node is reached

Need a data st ructure to m inim ize the 
re-calculat ion of WCTAs for nodes
→ annotated syntax t ree
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Annot at ed Synt ax Tree

WCTA associated with each node is 
recorded (annotated) on the syntax 
t ree
• WCTAs are reused for nodes that  are not  

affected by the t ransformat ion

→ Re-analyze only the interm ediate 
nodes on the path from  the root  node 
to leaf nodes corresponding to the 
blocks being t ransform ed
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Tim ing Updat e  – Exam ple
a

c

d

g
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j
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control f low graph

a b c

d e f

g

h i

j

annotated syntax t ree

blocks being
t ransform ed nodes whose

WCTAs are
updated

A: seq

B: seq G: seq

H: condD: loopC: cond

E: seq

F: cond
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Tim ing Updat e  – Com plexit y

Nodes are processed in an order of 
non-increasing depth
• so that  no node is visited m ore than once

The num ber of interm ediate nodes 
whose WCTAs are re-evaluated over 
all the iterat ion of the select ion 
algorithm  is bound by O (n 2)
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Im plem ent at ion

Targeted to ARM7TDMI processor

Path-based profitability analysis and 
the greedy select ion algorithm

Hierarchical WCET analysis and t im ing 
update algorithm

Code generator based on VPO
• inst ruct ion select ion mechanism  based 

on peephole opt im izat ion
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Experim ent s

Benchm ark program s
• ext racted from  SNU-RT real-t im e 

benchmark suite – fir, m atm ul, ludcmp, 
jfdct int

11 different  versions for each 
program
• T: compiled ent irely into Thumb 

inst ruct ions

• A: all blocks t ransformed into ARM 
inst ruct ions

• M1 ~  M9: generated by the proposed 
algorithm , with code size budget  equal to 
10%, 20%, …, 90% of code size 
difference between A and T
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Experim ent s (Cont ’d)

For each of the different  version of 
code, we com pared
• relat ive code size

• relat ive WCET
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Result s (1 /2 )

T M1 M2 M3 M4 M5 M6 M7 M8 M9 A

Relative Size

Relative WCET

382555

436727

WCET
(cycles)

Code
Size

(bytes)

1556

2472

(a) fir

T M1 M2 M3 M4 M5 M6 M7 M8 M9 A

Relative Size

Relative WCET

9635

10563

WCET
(cycles)

Code
Size

(bytes)

244

428

(b) matm ul
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Result s (2 /2 )

T M1 M2 M3 M4 M5 M6 M7 M8 M9 A

Relative Size

Relative WCET

34597

50415

WCET
(cycles)

Code
Size

(bytes)

1972

2060

(c) ludcm p (d) jfdct int

T M1 M2 M3 M4 M5 M6 M7 M8 M9 A

Relative Size

Relative WCET

11386

11715

WCET
(cycles)

Code
Size

(bytes)

1072

2048
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Conclusions

Flexible t radeoff between code size and 
WCET using a dual inst ruct ion set  processor
• path-based profitability analysis

• greedy select ion algorithm

Program  opt im izat ion towards enhancing 
the WCET
• guided by t im ing update that  captures the 

changes in WCET and WCEP

• using hierarchical WCET analysis and an 
annotated syntax t ree
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Fut ure  W ork

Incorporat ion of inst ruct ion caches
• analysis in conjunct ion with a code 

placement  technique

Enabling program  opt im izat ion 
techniques that  operate across basic 
block boundaries
• e. g. global register allocat ion

System -level opt im izat ion for t radeoff 
among size, t im e, and energy
• involving m ult iple applicat ions


