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Chapter 2
Benchmarks
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J vX
O00O0 dko

# -08; 1 IM 2t KTH2 Q7 :aJ3E aQ+  iB+ 7Q K i

B i'i B%i+t O¢j,ictao—1

Ji?*Q/2AMbignM+iZi HX-)kryk%H+ 2 i2/ BMirQ bi2TbhX AMBIB HHv BM i?2
bQHMIBQMb r2 2 +°2 i2/i? i +QMbBbi2/ Q7 BMi2 H2 p2/ #HQ+Fb Q7 M
2t2+miBQM "2bmHib 7Q  i?2 :aJ3E M/ J h>/ i b2ibX am#b2[m2MiHv- B
KQ 2T Q#H2Kbr2 2 m;K2Mi2/ #v bFBM; GGJiQ ;2M2" i2 [ m2biBQMbr
#2ir22M i?2 T'QpB/2/ :aJ3E M/ J h> T'Q#H2KbX 6BM HHv- bQHmMiBQ!
7Q i?2b2 M2r T " Q#H2Kb mbBM; J i?*Q/2 @AMBIB H Ukek-yjN "QrbV-r
/i +72 02/ 7°QKi?2 :aJ3E M/ J h>/ i b2ibBMi?2 } bibi2TX

Re



9X9X J2i K i?Z

B i Bit%E%IT+X

J2i K i?Zum 2i HX-)Wykj H “;2JqS /i b2ii? i +QMbBbib Q7 jN8-yyy T°

M/ Mbr2 b 7Q i BMBM:;X Ai BKbiQ K tBKBx2 /Bp2 bBiv M/ 2M #H2
h?2 /i b2irb+"2i2/#v #QQibi> TTBM: i?2 :aJ3E M/ J h>/ i b2ibi? Q
m;K2Mi iBQM M/ "2r'BiBM; Q7 #Qi? [m2biBQMb M/ Mbr2 bX h?2 7
#QQibi> TTBM; r2 2 2KTHQv2/,

Zm2biBQM _2T? bBM; @ "QQibi> TTBM;BMi?27Q r '/ 2 bQMBM; /I
N?2 [mM2biBQMX

Zm2biBQM a2H7@02 B}+ iBQM @ "QQibi- TTBM; BM i?2 # +Fr [ °:

"2r'BiBM; [m2biBQM rBi? Mbr2  BMiQ /2+H iBp2 bi i2K2Mi M/
“2bmHIBM; bi i2K2Mi Bb K bF2/rBi? t r?BH2 [m2biBQM 6q? i Bbi?2
% "B #H2 t\6 Bb TT2M/2/ ii?2 2M/X

6P" _[m2biBQM @ h?2 Mbr2" Bb TT2M/2/iQ i?2 [m2biBQM r?BH2
K bF2/- 7TQ KBM; M2r [m2biBQM i? i bFb, 6A7 r2 FMQr i?2 Mbr2

[mM2biBQMBb U Mbr2 iQi?2Q B;BM H[m2biBQMV-r? iBbi?2p Hm2
“\6X

Mbr2®™ m;K2Mi iBQM @ Mbr2'b
mbBM;
KTH2b-

"2 m;K2Mi2/ #v ;2M2° iBM; KQ 2 °
72r@b?Qi +? BM@Q7@i?Qm;?i #v TT2M/BM; i?2 [m2biBQI
M/ F22TBM; "2 bQMBM; T i?brBi? +Q "2+i Mbr2 bX

Rd



R3



V %0 &1

%oT%oQiT—éi%oT,Oi

RN



Ky



P P

VaOaoOcijs «O4AE %1

h?2 7TQK i T°QTQb2/ BM i?Bb rQ ' F Bb # b2/ QM i?2 BMi2"H2 pBM; Q7
M/Mim>HH M;m ;22 bQMBM;X Ai 2KTHQvb M im> HH M;m ;2 #HQ +F
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MQMNr?Bi2n?QK2bnrBi?n} 2TH +2 4 U} '2TH +2nT2 +2Mi ;2nMQMnr?~
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MQMNnr?Bi2n?QK2bnMQn} 2TH +2 4 MQMnr?Bi2n?QK2b @ MQMn[r?Bi
MQMNr?Bi2n?QK2bnMQn} 2TH +2np Hm2 4 MQMnr?Bi2n?QK2bnMQn
i Hn?QK2b, iQi HnN?QK2bnp HmM2- r?Bi2n?QK2bnT2 +2Mi ;2, r?Bji2n’
TH +2nT2 +2Mi ;2nMQMnr?Bi2, } 2TH +2nT2 +2Mi ;2nMQMnr?Bi2np
(%1M/P7"HQ+F%) (%avKTv%)

T BMiUMQMnNr?Bi2n?QK2bnMQn} 2TH +2np Hm2V
(%1M/P7"HQ+F%)

# -68ij7 @Z2t KTH2 Q7 HQM;2 JgSBM i?2 T°QTQb2/ 7Q K i

N
—

Kk



8X S'QTQb2/ 7Q K |

g?2M 2t2+mi2/-i?2+Q/2QmiTmib p Hm2 Q7 k9y-r?B+? Bbi?2}M H "z
BMi?2 +m "2Mi 2t KTH2- Biob i?2 b K2 Mbr2" bi?2 QM2 ;2M2" i2/ BM
b2+iBQMX

<“¢lt’'l-178Z2t KTH2 Q7 +QM+ i2M i2/ avKSv +Q/2 #HQ+Fb b+ BTi- r?B+? V|
Mbr2> mTQM 2t2+miBQMX
R O :Bp2M p Hm2b
k iQi Hn?QK2bnp Hm2 4 9yy O iQi H MmK#2 Q7 ?QK2b BM "2HBx?2
j r?Bi2n?QK2bnT2 +2Mi ;2np Hm2 4 k8 O T2 +2Mi ;2 Q7 ?QK2b i? i
9 7B 2TH +2nT2 +2Mi ;2nMQMnr?Bi2np Hm2 4 ky O T2 +2Mi ;2 Q7 MQ
' ?QK2b i? i ? p2 7B 2TH +2

e O .27BM2 bvK#QHDb
iQi HN?QK2b- r?2Bi2n?QK2bnT2 +2Mi ;2- 7TB'2TH +2nT2 +2Mi ;2nMQN
] MQMnr?Bi2n?QK2bnMQn7B 2TH +2 4 bTXbvK#QHDbU
3 2iQi HNn?QK2b r?Bi2n?QK2bnT2 +2Mi ;2 7B'2TH +2nT2 +2Mi ;2nMQM
] MQMnr?Bi2n?QK2bnMQn7B 2TH +22V

o

N

RyO * H+tmH i2 MmK#2" Q7 r?Bi2 ?QK2b

RRr?Bi2n?QK2b 4 Ur?Bi2n?QK2bnT2 +2Mi ;2 f RyyV iIQi Hn?QK2b

Rk

Rj O * HtmH i2 MmK#2™ Q7 MQM@r?Bi2 ?QK2b

ROMQMnNnr?Bi2n?QK2b 4 iQi Hn?QK2b @ r?Bi2n?QK2b

R8

ReO * H+mH i2 MmK#2" Q7 MQM@r?Bi2 ?QK2b rBi? 7B 2TH +2
RdMQMnr?Bi2n?QK2bnrBi?n7B 2TH +2 4 U7B 2TH +2nT2 +2Mi ;2nMQM

] MQMnr?Bi2n?QK2b
R3
RNO * H+mH i2 MmK#2 Q7 MQM@r?Bi2 ?QK2b rBi?Qmi 7B 2TH +2
ky MQMnr?Bi2n?QK2bnMQn7B 2TH +2 4 MQMnr?Bi2n?QK2b @

] MQMnr?Bi2n?QK2bnrBi?n7B 2TH +2
kRMQMnr?Bi2n?QK2bnMQn7B 2TH +2np Hm2 4 MQMnr?Bi2n?QK2bnMQ
kk iQi Hn?QK2b, iQi Hn?QK2bnp Hm2-
kj r?Bi2n?QK2bnT2 +2Mi ;2, r?Bi2n?QK2bnT2 +2Mi ;2np Hm2-
k9 7TB"2TH +2nT2 +2Mi ;2nMQMnr?Bi2, 7B '2TH +2nT2 +2Mi ;2nMQMnr?|
k8 'V
ke
kd TBMiUMQMnr?Bi2n?QK2bnMQn7B 2TH +2np Hm2V
k3

K]



k9



i%oc":ITiII:gl
BiT% B % ixtp$]Bi:p] EV %0 1%0C il

h?Bb +? Ti2  QmiHBM2b i?2 K2i?Q/QHQ:;v 2KTHQV2/ iQ +'2 i2i?22 /i b
/2b+ B#2/ 7Q K i- M/ T°QpB/2b M M HvbBb Q7 i?2 "2bmHiBM; / i X
/BpB/2/ BMiQ b2p2° H bi2Tbh- r?B+? "2 Bel¥®bi+?i i BMBIF22bm B#2/
BM KQ 2 /2i BHBMBib +Q "2bTQM/BM: bm#b2+iBQMX

h2 " KBMQHQ;v mb2/ BM i?Bb +? Ti2",

N\

_27Q°K iiBM; f _2T? bBM; f h> MbH iBM; @ h?2 T°Q+2bb Q7 ;2M2
b2+iBQM BM i?2 T°QTQb2/ 7Q K i rBi? i?2 [m2biBQM M/ Mbr2  T°Q

N\

*Q U 2+i@ITQM 2t2+miBQM-i?2+Q/2 7mM+iBQMb bBMi2M/2/ M/ VE
p Hm2X

N\

J1 @ J i?2KiB+ H1""Q X ITQM 2t2+miBQM-i?2 +Q/2 7TmM+iBQMb
Mbr2  p Hm2 Bbr ' QM; X

N\

*1 @ *Q/21 QX h?2 +Q/27 BHb mTQM 2t2+miBQMX

*? i:Sh _27Q K iiBM5QmMi S2+2Mi ;2 Q7 :aJ3E
hQi H _Qrb d-j9j Ryyw
*Q ' 2+i _27Q K iiB[M;j-yRk 9RW
AM+Q "2+i 27Q K|iiBMjR 8NW

Ji?2K iB+ H1 "Q bR-N99 keX8W UQ7 HH 27Q K ii2/V- 99X3NW U
*Q/21°°Qb k-j3d jkX8W UQ7 HH "27Q K ii2/V- 88XRRW UQ

C% —Aji_@bmHib Q7 :aJ3E "27Q K iiBM; rBi? *? i:Sh@jX8

k8



exXJ2iJi?7@:aJ3E@avKSv /i b2i

# -08ij71 €ZB ;- K BHHmbi® iBM; i?2 +°2 iBQM T Q+2bb Q7 i?2 J2i J i?@:al
/i b2i

ke



eXRX RX :aJ3E 27Q K iiBM; mbBM; *? |
B iée 6 $1BA:ai«O08E%T1 1-6¢ 1~ £%Ii$Ve

AM Q' /2 iQ Q#i BMi?2BMBiB H/ i b2i7Q  }M2@imMBM; '27Q K iiBM
iQ ; i?72  bQK2 BMBiB H/ i #v "27Q K iiBM; i?2 /i b2i BMiQ i?2 T ' QT
/i rb +[mB 2/ #v72r@b?Qi T'QKTIiBMQ *27IQSK@jX8 :aJ3E / i b2i

BM ++Q°/ M+2rBi? T°'QpB/2/ 2t KTH2b Q7 i?2 "2[mB 2/ 7Q K iX h?2 T°
TT2M/Bt M/ +QMi BMb b2p2M 2t KTH2b Q7 +Q " 2+iHv "27Q K ii2// i Q
i?72 :aJ3E M/ J2i Ji?Z /i b2ibX h?2 7Q°2K2MiBQM2/ 2t KTH2b r2 2 +
K Mm HHv- rBi? /m2 +QMbB/2" iBQM ;Bp2M iQ i?2 7Q K iiBM; T '272°2
i?72 Bbbm2b rBi? i?72 QmiTmib T QpB/2/ #v *? i:ShX h?2v r2°2 i2bi2/ WM
i?2 K Mm H "27Q K iiBM; Q7 i?2 }'bi Ryy 2t KTH2b 7°QK i?2 :aJ3E / i |
+?B2p2 /2[mi2 "27Q K iiBM; T2 ' 7Q K M+2X h?2 2t KTH2b BHHmbi"
7TQKiKvp ' 'v/2T2M/BM; QM i?2 [m2biBQM Q° Mbr2® /Bz2 ' 2M+2bX
//IBiBQM H ;mB/ M+2 QM i?2 mb2 Q7 avKSvX 6Q  BMbi M+2- 61t KTH?2
[2bTBi2i?2 Mbr2 " BM+Hm/BM; bBKTHB}+ iBQM Q7 i?22tT 2bbBQM BI
b?QmH/ biBHH bBKTHv TTHv i?2 avKSv bBKTHB7v 7TmM+iBQMX

ITQM 2p Hm iBQM Q7 i?2d-j9) "Qrb Q7 i?2 :aJ3Ei° BM/ i b2i "27Q K ii
jX8-Birb 7QmM/ i? i j4RY i1Qrd UQ "2+iHv "27Q K ii2/X h?2 7 +ii? i
MiQK iB+ 2p Hm iBQM T " Q+2bb /BbiBM;mBb?2b #2ir22M K i?2K iB+ H
7Q° 7m’i?2° M HvbBb BHHMRIPTIPBRM#®22+i "27Q K iiBM;b- R-N99
365% Q7 HH "27Q4489%2Q-7 HH 7 BHmM 2bV r2 2 ii B#mi #H2 iQ K i?2K il
v2i i?2 +Q/2 2t2+mi2/ +Q "2+iHvX AM +@M5% 37 kHBRd Z7BHK 12D/ U
5511% Q7 HH 7 BHmM 2bV r2°2/m2iQ 7 mHiv ;2M2" i2/ +Q/2X

P

B ie 6 #1ipiol" 1-%&8i«OEE%11 1-EO«jA jac Olé

ITQM i?2 +QKTH2iBQM Q7 i?2 BMBiB H bi2T-i?2i° BMBM: b2i +QKT Bt
iBQMbX h?Bb i’ BMBM; b2i Bb i?2M mb2/iQ }M2@imM2 J2i J i?@JBb
iQ 7m i?2° "27Q K ii?2/ i b2iX h?2IM2@imMBM:; T°'Q+2bb Bb M HQ:;Q
i72 J9S bQHp2 KQ/2H- b /2i BH2tBMT+2??Ri2#b2M+2 Q7 //BiBQM H iQ
GQ_  MF #2B3d: H2 "MBNr;=2i% 5- M/2KTHQVBM; QMHv } bi Rjyy iQF:
/ImBM; i’ BMBM;X h?2 "2bmHiBM; KQ/2H Bb i?2M TTH®H2Q7Q 27Q K
i?72 :aJ3E /i b2iX

_27Q K ii2°@pR _27Q K*QBIN; S2 +2Mi ;2 Q7 ii2KTi2/"Q
hQi H _Qrb ii2KTi2/ k-dkk RyyW
*Q "2+i _27Q K iiBM; R-yj9 jdXNNW
AM+Q "2+i 27Q K iiBM; R-e33 ekXyRW
Ji?2K iB+ H1°Q'b kk9 3XNeW UQ7 HH 27Q K ii2/V- RjXkd\
S Q;  KKBM; 1°°Q'b R-999 8jXy8W UQ7 HH "27Q K ii2/V- 3eXd]

C% —AjiS®Z7Q K M+2 Q7 27Q 'K ii2 @pR

R21IiTh,ffQT2M BX+QKfBM/2tf+? i;Tif

kd



exXJ2iJi?7@:aJ3E@avKSv /i b2i
B i i #0a7+;{33$]Bh:aj«OAE%I11 1-

.m2 iQ iBK2 +QMbi° BMib- QMHvV i?2 } ' bi k-dkk Q7 i?2 "2K BMBM; 9-jjR
T27Q K ii2/ mbBM; i?Bb }M2@imM2/ "27Q K iiBM; KQ/2H UH i2° "27Q
k-dkk- R-yj9 2t KTH2b r2°'2 +Q "2+iHv "27Q K iiB/98BX? hBb++2bb " i
2T 2b2Mib HQr2 " T2 ' 7Q K M+2 i? M T 2pBQmMbHVI%WVRB2PZ/ #v *? i:
i?72 2K BMBM; R-e33 BM+Q " ™ "2+1327MbXH 2BQ MM M/H®Y K i?2K iB+ H
2 °Q b-8BBI22 2/ mM2iQ+Q/22 "Q bX h?BbBb bB;MB}+ Mi/Bz2'2M+2
jX8 bi iBbiB+br?2°2i?2/Bbi ' B#miBQM Q72 "Q'br bKm+? +HQb2 iQ 2]
#vi?2 "27Q K ii2 @pRKQ/2H #2BM; }M2@imM2 Q7 J2i J i?7@JBbi" H(
H'2 /vmM/2 ;QM2 bB;MB}+ Mi T'2@i°  BMBM; 7Q" K i?2K iB+ H "2 bQ
KBMBK HavKSv +Q/2/ i /Im"BM; Bib T '2pBQmbi> BMBM;X h?Bb bi iBb
i #HeXxk

~

B i i #0ipiol T-%ai«08E%IT T-EO«iA jac Ole

h?2 IM2@imMBM; Q7 i?2 "27Q K ii2 @pk Bb HKQbi B/2MiB+ HiQ i?2 }
PR 2t+2TirBi? H ;2 /i b2i-mT/ i2/?2vT2 @T ~ K2i2'b- M/ #2BM; T
60aQHMIBQM, (%h2ti%) G2iob /2}M2 i?2 p "B #H2b, 6 BMbi2 / Q7 6aQH
Bbbm2 Q7 i?2 }"bii2tim H#HQ+F #2BM; MQMb2Mb2- 2t?B#Bi2/ #v i?2
[ i2/?2vT2 @T ~ K2i2°b? /IBM+ 2 b2/i?22 MmK#2 Q7 iQF2Mb 2KTHQvV2/
T Q+2bb 77QK RjyyiQ R9yy-GQ_ r bb2iiQ HbQ }M2@imM2 i?2 2K#2/
iQF2Mb r2°2 //2/X h?2 iQF2Mb //BiBQM Hr2 2 6(%h2ti%)d6- 6(%1M/P
br2HH b i?2 KQbi +QKKQM bm#@b2[m2M+2b 2M+QmMi2 2/ BM i?2 / i
p B #H2b6- 6BKTQ i bvKTv bbT6-60 .2}M2 bvK#QHb6-060 * H+mH i2
00 hQi H KQmMio6 BM ii2KTiiQ /2+°2 b2 i?2 MmK#2> Q7 iQF2Mb "2[mE
b2+iBQMX Aid2@ Br2q27] +v- +QKT ~ #H2 iQ i? i Q7 *? i:Sh@jX8-r?BH2 Z
T2 '7Q°K M+2 bBKBH "iQi? iQ7 27Q K ii2"@pRX _27Q°K ii2 @pk ? |
b K2rv bBMbi2Ti?'22-"2T?" bBM; MQi?2 R3ey 'Qrb Q7 :aJ3E- +QMN
iQ:2i?2°iQ +°2 i2i?2 :aJ3E@a¥KSv /i b2i

B 7 9" Bii%B%i+p$IBA:p] EV +%i%cii

h?2 :aJ3E@avKSv /i b2ir bi?2M mb2/7Q i° BMBM; 27Q K ii2 ' @pj K
[ 1 b2irBi? #2ii2° ?2vT2 @T ~ K2i2 b-i?2 KQbi /p Mi ;2Qmb Q7 r?B+7? |
BM GQ_ " MFZ3DKQ =64- M/ HQr2  H2 "MBM; Tri22pbeHmX @72

/i b2ir b +H2 M2/ #v "2KQpBM; mMM2+2bb v T "ibi? i +QmH/ #2 /2i2-
bm+? b 2p2 vi?BM,; ;2M2" i2/ 7i2 i?2 } bi 6T ' BMiUV®6 bi i2K2MiX h?2
/IBiIBQM HiQF2Mbr2 2 "2KQp2/-rBi? QMHvV i?2 6(%h2ti%)6- 6(%1M/PT7'
iQF2Mb "2i BM2/X h?Bbr b/QM2 #2+ mb2 Bi TT2 "2/i? ii?2b2 //BiBQ
[12+°2 b2 BM T2 7Q K M+2-/m2iQ i?2 KQ/2H bi "iBM; iQ pQB/ mbBM; i
"2bQiBM; iQ H2bb BM7Q K iBp2 Hi2 "M iBp2b BMbi2 /X

h?2 "27Q K ii2 @pj KQ/2H r b i?2M 2KTHQvV2/ iQ "'27Q K i i?2 J2i J i
h?2 " Qm;?2Qmi i?72 T Q+2bb-i?2 BM72°2M+2 +Q/2 r b ;" /m HHv QTiBKB:
bQHMIBQM r b ;2M2" i2/ BM TT QtBK i2Hv R3y b2+QM/bX >Qr2p2" -

k2iiTh,ff?m;;BM:7 +2X+Qf/ i b2ibfi7h? K Mf;bK3FnbvKTvnpj

k3



exX8X 8X J2i Ji?7@:aJ3E@avKSv/ i b2

2° iBM; Mbr2°'b BM T > HH2H- i?2 iBK2 T2 bQHmMIiBQM r b "2/m+2/ i(
QM/bX h?2 J2i Ji?Z +QmH/ #2 /IBpB/2/ BMiQ 2B;?i + i2;Q " B2b # b2/
M/ i?2 K2i?Q/ Q7 m;K2Mi iBQM mb2/ #v i?2 mi?Q bX h?2 7Q 2K2M
; Q' B2b-M K2Hv:aJ@ Mb m;-:aJ@6P" -:aJ@ _2T? b2/-:aJ@ao-J h>
Jh>@6P" -Jh>@ _2T? b2/- M/J h>@ao-r2'2 HbQ T Q+2bb2/BM T
7QHHQIrBMXT ¥2b2Mib i?2 “2bmHib Q7 J2i J i?Z 27Q K iiBM;-bQ i2/ #
K2MiBQM2/ + i2;Q°'B2bX Ai Bb 2pB/2Mi i? ii?2°2 Bb +QMbB/2" #H2 p
K M+2 KQM; i?2b2 + i2;Q°B2bX

*i2;Q v *Q '2+Hi J1 *1 | *Q "2+i S2°+2MihQi H _Qrb
raJ Mb m; ek-3Nye-3ke Ry-kB9 78:61% 3y-yvyy
aJ 6P" _ d-3kN9-9e3 kd-dyj 1957% 9y-yyy
caJ _2T? b2/ ek-jNRe-R3RRy-NNR 77:99% 3y-yvyy
:aJ ao Rd-9j9k-9R9ky-RBk 43:59% 9y-yyy
J h> Mb m; Rd-el8BkN-jkik 93-yke 23:54% d8-yyy
Jh>6P" _ k-yy9 R-8ReRR-93y 13:36% R8-yyy
Jh> _2T7? b2/ Rk-jR38-N9RjR-d9R 24:64% 8y-yyy
J h> ao j-k39 R-8dj Ry-R|9j 24:64% R8-yyy
:ad alld R8y-89%y-jke eN-R|jy 63.73% k9y-yyy
J h> all j8-k83R3-j8IRYR-jNy 22:75% R88-yyy
hQi H alJ R38-3yB-ed3Rdy-8ky 47.04% iN8-yyy

C% —-Aji"M HvbBb Q7 i?2 _27Q K ii2 @pj KQ/2H T2 7Q 'K M+2 /m 'BM; i?2 T
Ji?Z /i b2i 27Q K iiBM;

b BHHmMbi  i2/ BM i?2 i #H2- i?2 27Q K ii2 @pj KQ/2H bi'm;:H2b
6P" _@ivT2[m2biBQMbX 6m i?2 KQ 2-i?2T27Q K M+2 Q7 27Q K iiB
Jh>/ib2iBb +QMbB/2° #HV HQr2 i? MT2 7Q 'K M+2Q Q7 "27Q K iiB
7 QK :aJ3E-r?B+? Bb KQ 2 +HQDb2HvV "2b2K#HBM; Bib Q" B;BM H i  BM
MQIiBM; i? i K i?2K iB+8482%V Q"D WiBHH +QMbB/2" #Hv H2bb 7 2[m2M]
2°°Q8h52%VX ITQM 2t KBM iBQM Q7 i?2 2t+2TiBQMb “2im M2/ BM i?2 2y
Bi #2+QK2b 2pB/2Mii? ii?2 KQbi +QKKQM 2t+2TiBQMb ‘2 p ‘B iBQMb
/2}M2/6 2°°Q X h?Bb Bb /m2iQ i?2 KQ/2H M2p2  ? pBM; T ' 2pBQmbHv
bEFBM; #Qmii?2 p Hm2 Q7 t- r?B+? Q7i2M H2 1B% @2 aQ 6R@2bTBi2 i
" M/13% Q7 J h> 6P" _r2°2 "27Q K ii2/ +Q " 2+iHv- BM/B+ iBM; i? ii-
Bb Q++ bBQM HHv + T #H2 Q7 "27Q K iiBM; i?Qb2 [m2biBQMbX h?Qb2
iBOQMb K v T°QpB/2 bm{+B2Mii° BMBM; /i 7Q bm#b2[m2Mi KQ/2Hb iQ
rQ"FBM; rBi? bBKBH " p "B #H2b BM i?2 7mim 2X Ai + M #2 Q#b2 p2/ i
KQ/2H ? b mM/2 ;QM2 :2M2  H BKT Qp2K2Mi 7 QK Bib T 2/2+2bbQ" b
i727 +ii? i BiMQr637B2QRb:alJ@/2 Bp2//i - M/ 2p2MrBi? J h>@/2 By
/i i F2M BMiQ ++QmMi- Bi biBHH +?B2p@i5%™BQ KT " 2/+i® Bib Q7
T 2/2+2bbQ b QM 2MiB 2Hv :aJ / i X

kN



exXJ2iJi?7@:aJ3E@avKSv /i b2i

h?2 "27Q K ii2/ /i mM/2 r2Mi 7Tm i?2" }Hi2'BM; M/ +H2 MBM; T ' Q+
bQK2 ii2KTib i miQK iB+ +Q/2 }tBM;- "2bmHiBM; BM i? 22 Tm#HB+
J2i J i?@avkSl2i J i7@avKSv@quQM2i J i?@ 18X Q"
"V+QK#BMBM;i?2J2i J i?7@avKSvrBi? T 2pBQmbHvV + 2 i2/:aJ3E@avVvkK
J2i J i?7@:aJ3E@avKBw 2 i2/X 6QHHQrBMkM /eX22KQMbi™ i2 i?2
/IBbi'B#miBQM Q7 iQF2Mb #2ir22M [m2biBQMb- Mbr2 b- M/ M2rHv [/
iIQF2MBx2 J2i J i?7@JBbi" H@d" mb2b r b KQ/B}2/ T°'BQ iQ M HvbBb
KQ/B}2/ 7Q  }M2@imMBM;- #v [/IBM; 6 (%1M/P7"HQ+F%)06- 6(%avKTv%

# -04;1 &Bbi'B#miBQM Q7 iQF2Mb BM [m2biBQMb- Mbr2'b M/bQHmMiBQMb
.2KQMbi  i2bi? i 7TmHH i2ti HKQDbi M2p2  2t+22/b R8yy iQF2MbX

12iiTh,ff?2m::BM;7 +2X+Qf/ i b2ibfi7h? K MfK2i K i?nbvKTvnpR

°2iiTh,ff?2m;;BM;7 +2X+Qf/ i b2ibfi7b? K Mfr QM;nK2i K i?2nbvKTvnpR
82iiTh,ff?2m;;BM;7 +2X+Qf/ i b2ibfi7b? K Mf2'Q nK2i K i?2nbvKTvnpR
€2iiTh,ff?2m;;BM;7 +2X+Qf/ i b2ibfi7h? K MfK2i K i?n;bK3FnbvKTvnpR

1y



exX8X 8X J2i Ji?7@:aJ3E@avKSv/ i b2

# -64i71 1ZBbi'B#miBQM Q7 iQF2Mb BM [m2biBQMb- Mbr2 b- M/ bQHMIiBQNM
i?7 1 [m2biBQMb "2 ivTB+ HHv i?2 b?Q i2bi- mbm HHv "2[mB'BM; H2bb i? M
Q7 Mbr2°'bp B2b-rBi? HQM;2  Mbr2 b #2BM; H2bb +QKKQM- r?B+? "2b2K
#miBQMX >Qr2p2 -i?2 /Bbi' B#miBQM Q7 bQHmMIiBQM H2M;i?b "2b2K#H2b N
p2° ;2 Q7 TT QtBK i2Hv 88y iQF2MbX

*i2;Q v J2 M hQF2Mb J2/B M hQF2Mb
R-k #HQ+Fb kjeXRy kke
ji- 9 #HQ+Fb Ry9X93 33
8-e #HQ+Fb 3dXee dd
d- 3 #HQ+Fb eeXy3 8d

N- Ry #HQ+Fb j8Xy] y
RR- Rk #HQ+FbRyXd3 y
Rj- R9 #HQ+Fb jXRy y
R8- Re #HQ+Fb yX3e y
Rd- R3 #HQ+Fb yXkR y
RN- ky #HQ+Fb yXy8 y

CUh —AjiI"HQ+F@T B rBb2 K2 M M/ K2/B M KQmMi Q7 iQF2Mb T2 T |

"2+ mb2bQHMIBQM #HQ+Fb +QK2BM T B b Q7i2tim H M/ avKSv #HQ
H2M;i?br b+QM/m+i2/ QM i?2 T B b GXEHKDHFbDIX h2RiZmi22 MQ K H
/IBbi"B#miBQM #2? pBQ  Bb T'BK 'BHv BM~m2M+2/ #v i?2 BMBiB H T
i72p "B #H2b M/ bVvK#QHbX am#b2[m2Mi #HQ+Fb 2t?B#Bi i2M/2M+V |
/IBbi"B#miBQM- bBKBH "~ iQ i?2 Mbre2X & QQBKQNMBM; }2mi2 i i?2°2 "2
“C2HVKQ'2i? M7Qm> MQM@T BMi #HQ+F T B'b "2[mB 2/X :Bp2M i?2
i72 H bi #HQ+F Bb b?Q i T'BMi bi i2K2MiX

IR



exXJ2iJi?7@:aJ3E@avKSv /i b2i

# -6&;1 (ZBbi'B#miBQM Q7 iQF2Mb BM T B b Q7 #HQ+FbX

jk



V%oé’l\l

] EV pB ¢ci1da% A

j]



19



B oe#niipiol i-EOsiAc

h?2 J2i J i?7@JBbi° H@d" KQ/2H r b }M2@imM2/ QM J2i J i?7@:alJ3E@:
iQ + 2 i2i? 22 avKSv@JBbi® H KQ/2Hb- r?B+? rBHH #2 2222/ iQ bE
0KQ/2H@ kb6 M/ 6KQ/2H@j6 BM i?Bb +? Ti2 X

h?2 J2i J i?7@JBbi" H@d" KQ/2H r b b2H2+i2/ b i?2 # b2HBM2 7Q " }M:
T'2pBQmb }M2@imMBM; QM i?2 BMBiIiB H J2i J i? /i b2i-r?B+? "2bmkF
Q7 bQK2 K i?2K iB+ H "2 bQMBM; #BHBiB2bX 6m i?2 'KQ 2- Bib # b2
/2KQMbi® i2/ 7 pQ" #H2 ;2M2° iBQM + T #BHBiB2b 7Q° KQ/2H Q7 Bib
#v Bib K "TF QM i?2 >mK M1lp H#2M+?K "FX 6BM HHv-i?2 "2H iBp2Hv b
d"-rb bB;MB}+ Mi7 +iQ - b +QKTmi iBQM H "2bQm +2b r2°2 HBKBi2
M2+2bb "viQ +?B2p2 7m’i?2° "2/m+iBQM +?B2p2/ #v TTHVBM; 9@ #
i?72° °2/m+2 i?2 MmK#2> Q7 T ~ K2i2'b "2[mB 2/ iQ #2 }M2@imM2/- GQ
UGQ_M(2i HX)KXRQ/r b 2KTHQV2/X GQ_ 2/m+2bi?2 MmK#2 Q7 T
#v /12+QKTQbBM; H “;2 K i'Bt BMiQ bK HH2' HQr@" MF K i'B+2bX .2k
i?72 # i+? bBx2 /m BM; }M2@imMBM; r b +QMbi®" BM2/iQ p2°vbK HH Db
|, K2KQ vX

h? 22 KQ/2Hbr2 2i° BM2/rBi? /Bz2 2Mi?2vT2 @T ~ K2i2°'b7Q° /Bz2 =
BM; bi2TbX 6QHHQ@XBW HMM{2i2b i?2 i BMBM; HQbb- MmK#2> Q7 i° BN
H2 "MBM;@  i2X

HH KQ/2Hb r2°2 }1M2@imM2/64rb Bit G _ @/4 Q0 M BMBiIiB H R-8yy
iQF2Mb-r?B+? "2bm{+B2Mi- b+ M#2b22M 7' QK i?2/ i b2i M HvbBb
b 7QHHQTrb,

N\

JQ/2H@R @ h BM2/ QM Zm2biBQM- Mbr2 - aQHmiBQMX " i+? bBX
R3y-yyy bi2TbX

N\

JQ/2H@k @ h° BM2/ QM Zm2biBQM- aQHmMiBQMX " i+? bBx2 RX G
bi2ThX

N\

JQ/2H@j @ h” BM2/ QM Zm2biBQM- aQHmMIiBQMX " i+? bBx2 jX G i
bi2ThbX

|8






	Introduction
	Math Word Problems - MWPs
	Formats
	Thesis outline

	State-of-the-art
	Benchmarks
	MWP benchmarks
	GSM1K
	Arithmetic benchmarks
	Code benchmarks
	HumanEval
	Pass@k


	State-of-the-Art (SOTA) Overview
	MWP SOTA
	GPT4-Code
	MetaMath models
	Mistral
	MetaMath-Mistral-7B
	Shepherd + Mistral
	Abel
	Minerva
	MathCoder

	Coding SOTA
	Codex
	Code Llama
	StarCoder


	Datasets
	MATH
	GSM8K
	MathCodeInstruct
	MetamathQA


	Dataset creation
	Proposed format
	MetaMath-GSM8K-SymPy dataset
	1. GSM8K reformatting using ChatGPT
	2. Fine-tuning a reformatting model version 1
	3. Further GSM8K reformatting
	4. Fine-tuning a reformatting model version 2
	5. MetaMath-GSM8K-SymPy dataset


	SymPy-Mistral
	Model
	Fine-tuning models
	Comparison

	Arithmetic
	Detailed analysis
	Settings

	Verifiers
	Verifiers in MWPs
	GPT-4 Code: CSV and self-debugging
	CodeT
	Reinforcement learning
	Verifiers in this work


	Custom sampling
	Evaluation
	Binary Tournament, N value and temperature
	Greedy Best
	Greedy Best Popular
	Cosine Similarity
	Comparison of samplers
	Comparison of verifiers

	Future work
	Conclusion
	Bibliography

	Appendices
	Dataset Tables
	Math Datasets
	Code Datasets

	ChatGPT prompt
	Acronyms


