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ABSTRACT

In this paper, space radiation environment and single event effect(SEE) have been
analyzed for the KOMPSAT-2 operational orbit. As spacecraft external and internal
space environment, trapped proton, SEP(solar energetic particle) and GCR(galactic
cosmic ray) high energy protons and heavy ions spectrums are analyzed. Finally,
SEU and SEL rate prediction has been perfomed for the Intel 80386 microprocessor
CPU that is planned to be used in the KOMPSAT-2. As the estimation results,
under nominal operational condition, it is predicted that trapped proton and high
energetic proton induced SEU effect will not occur. But, it is predicted that heavy ion
induced SEU can occur several times during KOMPSAT-2 3-year mission operation.
KOMPSAT-2 has been implementing system level design to mitigate SEU occurrence

using processor CPU error detection function of the on-board flight software.
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1. A 2

FEGAs B AFA4Y AR REo) FUT 4L 7B £ QU o) AFANS L
st oA Fo3 dAJAE THT Aok AFAAHY A £HLL Foo] AL 2
A5l A 29 oAulA ARt Fol od Axtaxty e FAA# HA M(solar cell)2] A5 A5t
® A3 e dFAAY 2559 dUo] Bk e FBFA A3 FEHE L iR
UZHSEP) U Bl FA RoA A=+ T oz JAHGCR)E AFAY A2AY 288 2AF
22 ABA7E Fpo WetME GU3 BE2E 5 s Aol oj2 & <o) Uk mEky, F
A4 A8 FPAs BEL ARA AxpaAte] deov 25 A dAdA HEA Tk
& 2agted 2 F840 Utk olelP 23+ 685kme] T E oA 98°2] AAIZE AR T ef FE )
AzoA 3de) dF+HE AT e AAE FA4o)h webA, ofel 25+ AT 2B YR
o 2= o] §F3te SEYASH AT RAM AEH = A5 4F¢L 2F o)

£ =RqAE olelag 237t 85 E AR I Ay $3UAS &4 Y 0|2 AT single
event FIF(SEE)l thate] 28 ATt o] & A3 Bl FNA A2= = SEP W B FA 2] Rojla A
5+ GCR I A Y2-ES %22} heavy ion( 0] 3t “Foj "ol A Fit} )02 FReto A
4L FYSR 2 ote Y 230 dFE F SFYAT ARBAE ELSHAT =8, B =F
AN LY GREF ] A YR ALH AN TARE WEBY adedg FA439
ow o o3t JFS EAch FA AL /% v R e E AHEY S &Y
o, GCR¥} SEP $oj29 A% f50 thdt o WA 7t 3(LET: linear energy transfer)2 #HA)X
€ Flux-to-LET 29 EZ o2 =&3ch 2 e £4 ZFH, Fo]2 YAEL Ry 2}
4 FAE £71514 & Flux-to-LET 2HE ™| ¥i3l7h A2 ¢S ¢ + Ut upxjgo g, o}z
Z 2% AALAZ ALS )32 Intel 4G 80386 vlo)I 2 TN A CPUY) 3t SEU R SEL A
EE€ F3AY. 243, oFe)F 259 39 ARV F Folol 9T SEUE A 24 A

2. SINGE EVENT EFFECT(SEE)

Single Event Effect(SEE)& -5 WAls dAHFA £+ Fol2 5)7F Ak} AFE 3¢
HAapazpe]l EAo F8E nx= BAS olw]drt. Total lonizing Dose(TID):= A 7o) whet A
2R} W&o ZH5 = YA S (rad) ol o 3te] A3} ¥ 4= AtH(Baek & Kim 2001). I3}, SEE+=
FOl R X7k ¢tof] WA} 7153 & (probability) 2 B71E T} FAbe}t Fol22 ALz IE &
AR g A= 227 thEC T A AE 713 Fol 22 JH A o] 23} (direct ionization) &
ot SR NN E ALBie 12 Adted SEEZF 2 Sch wAd, $ate] A2 gEE Ay
HQl o] 238 3t A= SEEE HAAIZ 7] A3t 28 oA E A3 3ok 2@, Fa}
£ A Z3 #uk-g 2 (nuclear interaction)& F319 24 HAHS-& W& A Hol, 23 PALs
9J & o] 23} SEEE L7170l 38§ A& AdFch(Bendel & Peterson 1983). 23 12
T AR FAE YAt 2 st SEEZL T e HAS =488 Holr)

A4 A7 SEES) 9] 3] W33k F7+ 98 71A) 7} 1.2 v, Single Event Upset(SEU), Single
Event Latchup(SEL), Single Event Functional Interrupt(SEFI), Single Event Gate Rupture (SEGR),
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# 1. SEEY % 9 2 4%
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SEE Type Sensitive Parameter Type of Damages Seriousness
Stored charges at Transistor level:
SEU electrical nodes - Photo current leading to bit flip  Reversible bit flip on
IC level: one single cell
- Loss of functionality
SEL Parasitic thyristor of  Transistor level: Irreversible and
CMOS IC’s - Parasitic thyristor switched-on destructive effect if
IC level: power is not switched
- Very large and sudden increase off in time.
of consumption current
- Loss of functionality
SEGR Gate oxide insulation  Transistor level:
on thin gate IC’s - Destruction of oxide gate
and/or for high - Short circuit gate-source Irreversible damage of
voltage operations - Large gate leakage increase a cell
IC level:
- Loss of functionality
SEB Parasitic bipolar Transistor level: Thermal destruction of

transistor
transistor

- Second breakdown of parasitic

switched off in time

device if power is not

Heavy lon Energetic
Particle Proton

—r= =

n

o
4+

Nuclear % ”,
| Interaction

2% 1. 3 oW BAS A}l

Single Event Burnout{SEB), Single Hard Error(SHE)
2 98-S Jepd A ol th(Astrium 2001).

Depletion Region ]

5 98 74X 7 Yok ® 1L SEEY £

MEE TS

2% SEE &4 #4

du

!;%

LET(linear energy transfer)= 5| &8 EZ Y 8] F(p)3} Y b5 Foddol(Ar)d 29 oy

71 A,

A9 B4 Z(AE) e H 4] 13} o] EABTH

1AFE
dm
p= —

(1)
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A
Osal
(em?)
LET,, LET(MeV/(mg/cm?))
3% 2. LETS} AAtaate] g s BAITA.
3 2. NASAS} Astrium®] SEE £ 471 &.
Device LET Threshold(LET;;) Environment Sensitivity
MeV/(mg/cm?) (Environment to be Assessed)
NASA Astrium
LET;, < 10 LET;, < 12 Trapped Proton, Solar Flare,

Galactic Cosmic Ray
10< LET,, < 100 12 < LETy; < 100 Galactic Cosmic Ray
LET;; > 100 LET,; > 100 No Analysis Required

LETS] @41+ MeV/(mg/cm?) = MeV/(g/cm?) 22 B A58, AR Q] 3 i}
F 2 150 MeV/(mg/ecm?) oluie] M7}t =2)9) th4tolrt.

LET 3-8 7A(LET Threshold: LET:, )= 1ZH AR 4o SEE7 @A st H4%e] LET
&g Ynjdt}t. B} LET,, 2 LETE 71A X2 Q& HAs A= SEEE 248A 2 5 e 7154
€ 71X 2 It} LET, gtol 229 SEE Rl 7sta wicjo] 3¢ SEES] 72317 W&o, LETww =
4 ARAR] SEE £4-& A% 7|2 HQ 7S AA 3= 7|F22 AL & 2& 9 F
2] NASA(LaBel et al. 1996)2} %2 Astrium (2001)2} 7S vjepdch

oA Yate] AR o AEgE W AL ddA Y LET 32 SEERAFES A4
98 $o2 AEE Y 21 29 22 4ubE FAZAE HAL Yo, o]F A5 A
Ao A AA L&A BAbE BB EA AP o5t |z

xR GHAL A 33 Fo] Aibo] 753t}

Ns
N (3)

ofr

#A3d+=

Obit =

o714, Nst 273 4 SEU #, o= F5(flux), Nye A8 AHE-D AA bitsE v ek =
3} @ A (saturation cross section: 04.¢}-< LET7} F748tel] whet 2=+ ?H 3 Zh(asymptotic
value of cross section)& 2} 1|3} SEE°| 173 WA DAL o v|dch 235 DR o] FHo
W SEEo) €731, vth g gte] 27 SEES) nZsich 23 g A @l em?olth
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.gqsooa T g,Em b : : HESEEEE \ REEH
i B B0 [t : R R TS
€ g VE0S [t R : R
= = t E+08 T H + N 4
Fre b 3iea i St |
B S 1.E+06 T o e
g % 1.Ev08 [ it aas : : :
£ g : : : :
£ 1 E40 i 51 E+08 i T T T ]
€ 1E+03 R R it e - > 1
1.6402 L, S i e
1.E+01 : 3
1 E+00 1 E+00 I : B H
1.e-01 1.E+00 1.6+ 1.E+02 1.E+03 1.E+04 1.E+05 1.6-00 1.E+00 1.E+01 1.E+02 1.E+03
Energy (Mev/n) Energy {MeV)
1% 3. GCR proton external environment. 1% 4. SEP proton external environment.

3. ol 232 RF YAls B3

3.1 $3bs 9583

AN AAARe]| SEEE S AI7]= &3 A 83L& 32 AYAE 7HA I e YAE]
o A d¢o R el FBFo] e o FE5 = SEP X AR YA} ef FA RN A
25 = GCR %012 JAEo|th A7 A7AL o5 YA Y22 R YR2 Lo EH &
o} ojStE MR, F AEE LA FE(AF AV|EY BF A4) A4A = AT AV|EY BHEE
whg & QA By, AT SAYE A AR A YRAA AL BAS YA 9L wAH
of =3, E 1A A9HE A%, LETm 3ol AR s 2 4242} AL SAA 399 AFHA A
= 2389 F=xlo) 2|Fo SEE #Ao] 1A ZHssith AA R, UoSatd] F X (700 x 700km, 98.25°%) 0l
A] % o] (galactic and solar cosmic rays) W SAA2] 28 ¥Alol] 2| 3te] SEUZL YA H Ll B
25 11 gch(internet source, Asenek et al.). WetA, ole]® 23+ 685kmS] LT oA 98X A}
Z+-g 7FA 2 SAA F9E EFAE AL SR S ¢S ey, FAYe R Aupy el we
JHNM AEEHE T ANYX YAt GFE T2 HA FHrk ot B 257 F84F 200040 Fk
HEET F7 4 G 5o AR Al7o)7] o 2YH ¥ Y GCRY &5 4 A
o= 45 v, SEP) 93 F% T8 BRI FHAA HI s of gt
Bl @50 L wol= I A SEP 42 ¥ Folo] R&HT o|AES AAMNY LA
75 ol A HAAZIY BfFA RN ALEE GCR T3 42 W Foj2o g A5
FHEo] Az v GCRY 9L 2o)3}= t}(Stassionpoulos & Ryamond 1988). GCR $-FHhAL
T BARAL HFg5o o aks 220 7 AZX S A7) (solar minimum)] #F 2 HZ A
B 3A 2R A MEHE L WAbe B LR ALEHT v, SEP 5 Abs BA R G2 19893
109 190l AlZo 2 ¢k 180AI12HE ¢ S BT FHARWZ A 99% 3 ote] 222 ef g LA}
> @ og AFEBTHNRL 1996, Space Radiation Associate 1998). 1% 3,4 @ 5= ofg]&g} 23 4
T GCR 9 SEPoAM WEH L 42 4 Fol& £54As R84S vehdth 28 62 X
3 ¢ 58 RB3E Jehdnh o) 58 B3R E ~HEH-E “Space Radiation Ver.
4.0” (Space Radiation Associate 1998) @ “CREME96” (NRL 1996) A Z E¢o]& o] &3l 4123}
At A AME & 4 250l GCR Y SEPZ GeVF ol4 e 3 olva] A& 71A 2 9l 7] df Eof

2
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2 1605 N 5
S 1.E-06 |- R T S RS g it €
£ 1607 Ll ~—] 1E+04
& 1.E-08 i — +
3 1E-08 — :
1.E-10 — :
TLE-11 SRR ; L 1.£403
1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.€+05 1.E-01 1.E+00 1.E+01 1.€+02 1.E+03
Energy(MeV/nuc) Energy{MeV}
1% 5. GCR/SEP Hi external environment. 1% 6. Trapped proton external environment.
1.006+04 16412 - — - -
1E+11 b : e SR :
A|Eo|o[: L = \
1.00E+03 fr i R ; ~NU
3 2 1E+09 [— + :
£ K3 : i N
2 & 1.E+08
‘e 1.00E+02 e 1.6007 [
3 3 16406 S ; i IR
] 4 . ‘ : EREE
5 1.00E+01 § 18005 [~
g Z
g s 1.€+04
5 2 16403 [-
1.00E+00 2, o
1. E+01
1.00E-01 : 1.6+00 :
1.00E-01 1.00E+00 1.00E+0) 1.00E+02 1.00E+D3 10CE+04 1 .00E+0S 1801 1.6+00 1.6401 1.6+02 1.6+03
Energy {MeV/n) Energy (Mev/n)

2% 7. GCR Proton spectrum behind 200 mils of 2% 8. SEP Proton spectrum behind 200 mils of
Al Shielding. Al Shielding.

B YAEL HHM AL FFE N 5 YL 2T 5 ek 0|9 TL JL SEU
U SELY] Hel2 S14Me 28 YN og TAAFAL Aol ebde 498 B7E 4+ 4
£ Aol o)== f9E AR

$7As ] A IR

A 318N EAE 2 ARBF LS A4AY T2 ET AL AL Bt 9
A WF2 WAe B3¢ TAA Dok 3 oy gAtel A$ M¥-S(nuclear reaction) & £ 5}
o] SEUE A1k whebA, SEP 2k dAEL2 3 oA ¥z M7 D A} feof w2
2} #uk3 715 A (probability of a proton nuclear reaction) A =7} SEE 943k9) 2235 947 3
Ch(Petersen 1981, 1996). W&ol Fo]2-2 YA Yol 2HH X Fu A4S EAE FA A
AR E AASAE A o] At ztell FF-E | X)) SEU U SELS L ob7) 8tk 18 7,8 R 9+
ZtZ} GCR, SEP ¥ ZY 8 ¥2 £33 s 9 FBH(2¥ 3,4, 6 F2)o) Bate] ¢ujy a7
Z 200 mils(%F 5mm)] F7AE T3 A FA4H NERH S Jebd Aotk B B A A geomagnetic
shielding®] =71 orbit average, omnidirectional particle arrival direction, quiet geomagnetic field
condition ¥ earth’s shadowing®] Z %5 9t}

F2te] ¢ SEE FFEANE 5o F45(fux)ol B A AHEH o] AFLE L Fo] 29

2 o9l WAl tated B9l A2 WA A BALAE BASFEA SAHE oA P
YeEtl = iR AL(LET)2) @9 2 Jehd o Flux-to-LET 2FEH o 2 § A3t} (Bendel &
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1.E+05

1.E+04 |

1.E+03
1E+02 §ors

1.E+01 o

Diftferential Flux[/(MeV/n)/m~2/sr/s]

1.E+00

0 1 10 100 1000
Energy(Mev/n)

1% 9. Trapped protons transport behind 200 mils of Al Shielding.

i 3. GCR/SEP Heavy lon LET Spectrum behind 200 mils of Al Shielding.

LET Integral Flux(particles/m?-s-sr) LET Integral Flux(particles/m?-s-sr)
(MeV-cm?/g) Cosmin Ray  Solar Energetic | (MeV-cm?/g) Cosmin Ray  Solar Energetic

Heavy lons  Particles Heavy Ions  Particles
1.01E+02 6.69E+00 6.32E+02 7.04E403 3.87E-03 2.16E-01
2.00E+02 2.85E+00 1.78E402 8.00E+03 2.86E-03 1.57E-01
3.01E+02 1.83E+400 8.21E+401 9.09E+03 2.13E-03 1.18E-01
4.02E+02 1.23E400 4.78E+01 1.01E+04 1.66E-03 9.11E-02
5.01E+02 9.85E-01 3.20E+401 2.00E+04 2.38E-04 1.28E-02
6.03E+02 8.53E-01 2.28E+01 3.00E+04 1.16 E-06 4.73E-05
7.01E402 7.41E-01 1.74E+01 4.01E+404 7.91E-08 1.85E-06
8.05E+402 6.64E-01 1.34E+01 5.00E+04 3.76E-08 8.39E-07
9.04E+02 5.97E-01 1.08E+01 6.02E+04 1.77E-08 3.39E-07
1.00E+02 5.41E-01 8.89E+00 7.00E+-04 8.31E-09 1.75E-07
2.01E+02 6.99E-02 2.21E+00 8.04E+04 3.14E-09 8.24E-08
3.02E402 2.76E-02 1.20E+00 9.03E+04 3.84E-10 1.40E-08
4.04E4-02 1.42E-02 7.19E-01 1.00E+05 2.62E-11 4.05E-10
5.03E+02 8.53E-03 4.62E-01 1.01E+405 1.18E-11 1.82E-10
6.06E+02 5.53E-03 3.09E-01 1.03E+05 5.67E-12 8.78E-11

Peterson 1983, Petersen 1996). 1% 105} I3 112 27} 100 mils( €} 2.5mm) 3} 200 mils{ 2 5mm)2)
dEulEe] FAE T3 ¥ LET 29 E g vepdth 2P X & 5 3l% 0], GCR Fol29] %
% ZRujgd o3t Fol 2 ANFATNE FAE S/AE A gle 2L ¢+ AUtk GCRY 3¢
A4 &8 FA 7122 Tt FAY AHE FHeR dFo] ot SEPY A2 Bl F8F 7]
o} et SR o2 BAE = A7 AAE o AE AR HA4A 6 FgE uA) T, FalA
HE ARl YAEL A7l 2 ZF37] W 2ol 25 FE2 AR BE + g FA
& (permanent damage)-& € - UthEd I Fa 4ol ok o] AL AFALL) A 8 5
ool o AL AAY F gloy AFHA BA AU nedH ook Aot AL =3 20
ok ® 32 213 119 th3 GCR 9 SEP 77t o] & LET 29 E# k2 Jehdo)

% oN e mx
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1.6+04 . T ——— T — 1.£403 ———
1.E+03 8 : B! AN s S S 1.E+02 e : - : :
1 Ee02 * : 1 E+0t e SEP-WwW | - Lot
1.E401 1.E+00 S . d :
T:' 1.E400 Tf 1601 | [GCA-Solarmin] . \\ - :
fien ~ R — —
€ 1 E-03 ; RRRE Do | : ¢ 1E08 - i : j
S E0e T b ; T ; 3 1E-04 A
gn’:-os : : P R 3\ N % 1E-05 - * .
& o ! ; o L 1 E-06 ;
5 1E08 ) i N S 1E-07 i : — : IS
8107 \ 2 Eos R A
E 1.E-08 bl : Y £, t-0s ! N
1.6-08 et = : 3 I ; : P ¥
1.€-10 ot et} —— \ 1E-10 I ; N
AR B 1E-11
1E-12 e - — 1.E-12
1 E+02 1.6+03 1.E+08 1 E+05 1.€+02 1.Ev03 1.E004 TE+05

LET[Mev/ig/cm™2}] LET[MeV/(g/cm™2)]

2% 10. GCR/SEP Hi LET spectrum behind 100 23 11. GCR/SEP Hi LET spectrum behind 200
mils of Al Shielding. mils of Al Shielding.

E 4. Heavy Ionell 2|3} 80386 SEU LA & £4 JYA 3.

3 5 80386 CPU A|¥=t8
SEU SEL
LET;y 3.38 MeV/(mg/cm?) 29 MeV/(mg/ecm?)
Cross Section 7.8E-07 cm?/bit 1E-04 cm?/device
Device bits numbers 3845 bits -

4. SEU 3 SEL i@ 24t £ U E9

QoA A R0, I AR FAbs AZGAA WA HuksE& F3H9, GCR YA A4 A
£ £33t YL Sote) AArae) A E YA RS WA SEUE SN ALY AAF =
+ 4F7Ho2 715 vAF)E SEL 5& A B FoME otelF 259 FA FHE v}
038 2 A A CPUE AR o7 <l Intel 80386 AlY 2o tdte] SEU % SEL ¥ EL 333
dom 2 F3o gt £4& +P3t At

SEU ¥ SEL A E A4Hs A%t Y32 4H&3H7] 93] IBM (1989), LaBel et al. (1992),
Moran & LaBel (1996), Rioux (2000) ¥ Sabb Space (1991) 52 o]&3to] X 49} &2 94 AX
§ =33tk NASA JPL % GSFCAA %€ SEU % SEL Al¥ R 12| ak5 o) 2} 39, 80386
CPU A% tlole] 257} #283t+ SEU, lockup SEU % vio]2 2 SEL 4ol #FH Yo 4+
A SEL-E #FH A 943h&E ¢ 4 9Uth SEU E+= "o]3 2 SEL 2/ + dMNAHA LF2A4 3
A5 oA A7E FAU AT S 53 HEE 5 Qe Aoy 7 F o g 55 = SELL 3
28 £ gle 2FE gtk

FE 490N & 5 A5 0] 803862] SEU LET,, 32 & 29 A WA §=of siFsict ujeps, 284
b o Ef A D YA R ALEHE 2 iR YRl bl Alate] @ FHTE & 5= SEU
Y SEL 2AE AL 3 FEo2 A HAAZAQ ZZA(norminal condition) F +e] Z A (worst
condition) 2 2 FTEE 4 glom Ztzte] F o thstd AL H = 3 Ay $H S Uehdth

E 62 3.282 olglzg 25 A R WAbs B2 vt o s & 49 JHARE o &3
o] SEU A4l A8 A = E 9)o](Space Radiation Associates 1998)Z o]® 3o} SEU 3 SEL LA E
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# 5. SEU ¥ SEL 24§ A4 85

Environment Conditions
Nominal Condition  Averaged Trapped Proton + GCR-P + GCR-Hi
Worst Condition SEP-P + SEP-Hi

® 6. 80386 CPU SEU 9 SEL A& F3 4.

80386 CPU SEU SEL
Upset Rate (Upsets/device-year)

Nominal Condition

Average Trapped Proton 0.25 -
GCR Proton 0.015 -
GCR Heavy Ion 8.5 -
Total 8.765 -
Worst Condition

SEP Proton 1.35 -
SEP Heavy lon 238.77 0.2
Total 240.12 0.2

< AL Aotk B4 4°J Z A 8.765 upsets/device-year?] SEUZ} 2T 4 UL £33
4 Ath & 6N & 5 A% o], SEUS ZAUAL T2 Fol0) 2§ Aolu], 2YH I}

I A A ekapel] odk 4L M He AL & 5 Yrh FH o] = A= 240.12 upsets/device-
year®] SEUZ} HAE 4= 9S8 335t SELY 3¢ & ote] Aol A 0.2 upsets/device-year2)
micro-latchup 2 75 8-S FAF A}

i 62 AT CPU #A 28] 100% AH-& AA=Z 3 Aojck e AAHQ A &
£ o AA GA2EHY YEET LS 37 MRl F 62 A AL AL ] NEE
2 do= vHAAQA LAE FA X ot IBM (1989)+ TelA e HAEL =437 A
instaneous worst case( A A | A AE1Q) 80% AME 7}A), typical worst case( A A A2 E o] 40% At
4 7H3) 9 actual usage(HA dA2Ele) 25% AHE 71A) S MR Aol thsto) AAE = A
Xg A A&t} =3 IBM (1989)l A A A& 2AH A& CPU 5 E L 5 multitaskingS-& 1
2] 8 protect mode(th= AF-&-2bo)] o} 8 multitaskingS E&F 02 £33 = 75 AY)A g5

o] 7] wl-Zol real mode(Td AHEALE T2 g v)¢ W2 8086 7|5 TH)WE THE AL 2AHANE
W& 3R 1FE7 e 44T Aoz 4=

X 72 SEU Y SEL 2 E< IBM (1989)° A AjA 83712 3¢ 248273 9 CPUY 38
4% $2] SEU % SEL A E A& Jehdth 31- N E dFstgd =], Hotel 42
FE 5o A AHA HFE 5o s D7) BEHE Aol 9§ 9L UEery )
AR HFEF Al LA getty 7S o) weld, AR dA AL
= AAAA 229 gEolw, AR oH LAYE 2 2AL SEU LA E 7|Fer A

o et
o

.u

o]
3

M & e Ia
do

o
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7. gd#o2 249 SEU U SEL 24§ 34 A.

80386DX CPU SEU SEL
Upset Rate (Upsets/device-year)

Nominal Condition Protect Mode Real Mode
Instanteneous worst case 7.01 4.67 -
Typical worst case 3.5 2.33 -
Actual usage 2.19 1.46 -
Worst Condition

Instanteneous worst case 204.1 136.06 0.16
Typical worst case 96.05 64.03 0.08
Actual usage 60.03 40.02 0.05
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