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Execution Trace Based Checkpoint Extraction
for Intra-task DVFS in Embedded Systems
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In recent years, it has been a crucial issue to reduce the energy consumption
of embedded systems. For intra-task DVFS, it is important to decide the lo-
cation of checkpoints in a program, at which the frequency of processor could
be changed to reduce the energy consumption. Furthermore, since insertion of
checkpoints causes both time and energy overhead, it is expected that only lim-
ited and effective checkpoints should be inserted. In this work, execution trace

based checkpoint extraction for intra-task DVFS is proposed, which consists
of two steps. In execution trace mining, the behaviors and remaining execu-
tion cycles of conditional branch instructions are extracted and merged from
a large number of traces, and this information is used to help search check-
point candidates. In checkpoint extraction, checkpoint candidates are ranked
in order of descending efficiency for energy reduction, and only the expected
number of top-ranked checkpoints is inserted into the program. The proposed
technique was evaluated by using the jpeg encoder and decoder benchmarks,
and its effectiveness has been confirmed.
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Fig.1 The workflow of the proposed approach.
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Fig.2 The algorithm for generating a mining table.
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Execution Trace No.1 Execution Trace No.2 Execution Trace No.3
Execution Cycles: 1000 cycles Execution Cycles : 550 cycles Execution Cycles: 1000 cycles
Address Cond REC Address Cond REC Address Cond REC

taken | 850 cycles n_taken | 400 cycles taken | 550 cycles
taken | 650 cycles n_taken | 300 cycles n_taken | 350 cycles
n_taken | 450 cycles n_taken | 200 cycles n_taken | 250 cycles
taken | 350 cycles taken | 100 cycles n_taken | 150 cycles
n_taken 50 cycles n_taken | 50 cycles

REC: Remaining Execution Cycles

03 D00000000000000000000000000
Fig.3 An example of execution traces obtained via a cycle-level simulation.

Worst Case Execution Cycles: 1000cycles
RWCEC
Address

n_taken taken

400 cycles 850 cycles

350 cycles 650 cycles

300 cycles 350 cycles

50 cycles 100 cycles

$$RWCEC: Remaining Worst Case Execution Cycles

04 030000000000O0O0DOOODODOOOO
Fig.4 A mining table generated from the execution traces of Fig. 3.
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DInput: 000000000 TracesDOOOOOOODOO MiningTable
Output: 0000000000000 O0O0OO0OO0OOOOOO BranchList
1: BranchList «— ¢
2: for all trace € Traces do
rwcec «— MiningTable 000000000000 O00OOO
trace_prev_rec «— 000000 trace D0O0O0O0O000OOO
Num «— 000000 trace 00000000D0OO0OODO
for i = {1,2,..., Num} do
trace_branch «— trace 0 1 000000000000 00O0O0O0OOOOO
if trace_branch € MiningTable then
trace_current_rec «— trace_branch 0000000000 OOO
10: executed_cycles < trace_prev_rec — trace_current_rec
/*trace 0000D000DO0000O0O0DO0O trace-prevrec 1000 trace-branch 000000
0000 trace_current.rec 0000000000000000000 executed_cycles 000%*/
11: trace_prev_rec < trace_current_rec

© PPk w

12: rwcec «— rwcec — executed_cycles
/*00000000000000000000000000000 rwcec000000 exzecuted-cycles
O0Otracebranch 000000000000 DOO0OOOOOOOOOOO */

13: MiningTable 00O tracebranch 0000000000000 D00O00O0DOOO table_rwcee
ooo
14: end if
15: if table_rwcec < rwcec then
16: rwcec «— table_rwcec
17: if trace_branch ¢ BranchList then
18: BranchList « BranchList U {trace_branch}
19: end if
20: end if
21:  end for
22: end for
g 05 00000O000O000OO00O0O00O0D00ODO0ODOO0ODO

Fig.5 The algorithm for extracting conditional branch instructions with reduced RWCEC.
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B1 100cycles

Execution Trace No.1

Execution Cycles: 700 cycles
Address | Condition REC

Branchl(1) | not taken | 600 cycles
Branch2(1) | not_taken | 300 cycles

Execution Trace No.2

Execution Cycles: 800 cycles

Address | Condition REC
Branch1(1) taken | 700 cycles
CBS 3000}/0165) CB6 loocycles) Branch2(l) taken 100 cycles

07 0O000O00OO00OO0OO0O00O0O0

0 0ooooooo CF
6 CFG Fig.7 Execution traces of an example program.

Fig.6 The CFG of an example program.

Mining Table
Worst Case Execution Cycles : 800 cycles
RWCEC
Address
not_taken taken

Branch1(1) 600 cycles 700 cycles
Branch2(1) 300 cycles 100 cycles

08 07000000000000000000DD00OO
Fig.8 A mining table generated from the execution traces of Fig. 7.

gbobodoooboobo1l1oooboooobooobobooooooboobooooOoooOoDo
gbobobdoboboobodooocobdooocoboooobobooobOoooOobOoOooooDo
gobodoosoboooboooboooooooosoomooooooooooooo
goboooobobooooooboobooooooobooOobooboooobebb0m@mOoOoOOo
gloooboodbolgoooobooooboooobooooooobooboo1000000
gboboooobooobil1obooboobooboobOobooobooDbD 10o0b0O00bOO
goboobooooooobooooooomobobooooooooooooooOoooooo
roob000ooooooooboobol2obodoooooooooooooooooooDobooboon
10 nottaken 0O O0O0O0O000O0D0OOCOOO0ODOODOOO60000000000O

00o0oooooog Vol 52 No. 12 3729-3744 (Dec. 2011)

OO00000 10 not taken 0000000000 DODOCOOOOODODODOOOOOOO
gbooboboobooboobobboobooboobooboobooboobooboon

015020000

goboobl10oo0oo0oob 200000000000 100 3000000000
goooboboooboboooooooooboooosooooobooooboodoobooOoon
200000 nottakenOOODOOOOOOOOOCDOOOOOODOOOOOOOODOOO
Ooooooooo3c0000000000000000 200000 not taken 000
oooooboooooooboooooooOooooboOoOoOobOboOoOoOooboOoboOoOoOoon 2
goboooooboooobooooboooboboooboobooooboooboooooDooo

ooboooooooooodooooooooooooooooooooooooooo
O0000O0000100000000000000000O000C0DO00D0D0O BranchList
ogoooooooboooooOOOO0O0OO0O0O0 bvkSOOOOOOOOOOODODODOOODOD
2000000000C000000000 DVFSOOOOOOO0OOOOOOOODODODODO
gooooooooooooooooooobooooOoooboooooboooonoooo
DVFSOOOOOOOO0O0OBranchList 0000000000000 OO0O0OODOOO
gobooobooobooooooooobooooboboooboosbboobboonoDo
00000000 CandiCPList 0000000000 O0O0O0O0O0O0O0O0 DVFSOOOO
OO0O0O0000BrenchList0O0DODOO0O0OO0OO0OOOO0OO0OO0OO0OO0OOOOOOOOOODODODO
0000000000000 0o0O0ggd CendiCPList 000000

5. DobDoooooboad

Oo0000oo0oo0O00ooOo0o00ooOo0o0oo bvFSOOO0O0ODOOOOODO
OO0 DVFSOOOOOOOOODO0OO0O00O0oOO0o0O000oooooooooooooo
gooobooodooooooobooooooOoboOoooOoboobo0oooOboOoooooDn
OO0 DVFSOUOOOO0OO0O0OODO0O00O0O0000ooooooooooooooooooo
uoboooooooobooboo

5.1 DOOOOooOooboooooo

O000ooOooo0oOo bvVFSOOOOOO0OOOOOooOOoOooO DvFSOOoooooo
000000000 DVFSOOO0 20000000000000000000000O0O0
0ooooooo0ooooooo bvksOoOOoOOOoOOOOOOOOOOoOoOoOoooooo
goobooooobooooooooooobooboobooooooOooooboooooobooo

(© 2011 Information Processing Society of Japan



CPO

Branchl

not taken

B1 1000cycles

taken

CBZ 50000ycles) @5 10000ycle9

not taken

3736 00O0O0O00OOO0ODOOOODOOOOOO0O00 DVFSOOO0ODOOO0O0o00ooooo

CBS 60000ycles) CB4 9000cycles) (BG 3000&:ycles) CB7 GOOOcycles)

09 00 CFG
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Fig.10 Extracted execution traces with checkpoint-related information.
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Fig. 13 The estimation of remaining execution cycles in the worst case execution path DVF'S.
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Fig.14 The algorithm for switching frequency in the worst case execution path DVFS.
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fO (ftnzp S fO)
3 frnext — fi (fi—l<ftmp§figie{1g2y"'1”})
fn  (otherwise)
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Fig. 17 The algorithm for switching frequency in the average case execution path DVFS.
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Output: 000000000000 RankedCP;, RankedC Py, .
1: RankedCPList — ¢
2: InsertedCPList «+— ¢
3: fized-num «— 0
4: candi-num «— CandiCPList 0000000000000 000OO

5: while fized-num < candi_-num do

.., RankedCP,

6: energy-min < 0

7 for all CPiyp € CandiCPList do

8: InsertedCPList «— RankedCPList U {CPipp}

9: energy «— Ewvaluate_Energy(InsertedC P List)
/* InsertedCPList 000 0000000000000 00O0OO00OOOOO DVFSOOOOOOOO
ooooooo */

10: if energy_-min > energy or energy-min = 0 then
11: energy-min <« energy

12: CPyest +— CPrmp

13: end if

14: end for
15:  if energy-min = 0 then

16: break

17: else

18: RankedCPList «— RankedCPList U{CPpcst}
19: CandiCPList — CandiCPList\ {CPpest}
20: fized_-num — fixed-num + 1

21: RankedCPyized_num — CPpest

22: end if

23: end while
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Fig. 18 The algorithm for ranking checkpoints.
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Fig. 19 Normalized energy results of cjpeg benchmark.
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Fig.20 Normalized energy results of djpeg benchmark.
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