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Z® OpenGL 1%, &>V a7 77 4 v 27 Atk (Silicon Graphics, Inc., #1Z Silicon Graphics
International Corp., SGI) IZ X W BAFE 41k L7z, FftiEd &b & IRIX EFEIZID UNIX RO
OS Z¥# LT =79 IT—% XFT—= 3 > (Engineering Work Station, EWS) & FE(XL
AL Ea—FDA—J—"7TL7, OpenGL [L[EfED EWS OV T 7 ¢ v 7 AR RICHNHILT
W77 4927 A7 477U (GL, OpenGL & X4 572912 IRIS GL EFFEND Z &b
VET) %, 77y b 74— O —FKRoux=T7X 08 REDOa L Ea—XOHM) [TKGFET HE
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RVET, L2L, TOFIEEARVICHB R DIZRDT2D, TNa a2k L TRIEICHEZ
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UL, AUV Yo GLUT BFEEICEWHA T orAanTunEdi, oY I GLUT &
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macOS (Mac OS X) ®/N—3 3 > 10.7 (Lion) LARETiX OpenGL O/ /3— = > 3.2 @ Core
Profile, 10.9 (Mavericks) LA TIiX OpenGL O/ X—T 3> 41 ZRETHIENTEET,
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TN EAETEHENC > TWET, GLFW D=2 5 2 3.1 bhIiE, YU Iy T 7DE
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0 1 —HEREDRSA VA ERETED

=Y ERDOLEORA 25T 40 R LBEST CTRFT 2L FFoTWET, Zhz
flE 21X C++ D this A U EPRIFETE LD T, FFIA U AEBIZT O MERH L a— Ny 7
B D bR TRNWA U R EZBITHZENTE, 7 7 AMEBFESICRY £7,

O AATNARDEYFWAELEL S

F—R—=FNHEDANIEL GLUT O L HIZFE LTEHED Z ENTE SH1ED, Shift F—=° Crl
=R EDOLFOXF—LNDOLDEETREDOX—DIREZFTARL b TEET, £/, vV
ARA =N a A AT A v I DT —HERETHZ L TEET,

® GLUT 2% > T GLFW I[ZZzL idE

—7J GLUT IZ&# > C GLFW ([Z72 W REb W< o0d v £9, 72L& %21E Cube X° Sphere,
Teapot O X 9 X =T RT HHEEITEA PN TWET, Yy b~y T 7xr 0 ba L F Y v
T HRELH D EFA, Ry T T v I A2 — 2R R TOHREOHESNTOERTA, 72720,
BINIVTRERED 5 BN DL, BIFED OpenGL TIEIEHELE L 720 o T2 BE A i > TV E 9,



F2F #£fm

21 #{EIHLD

211 RITRE

AKETEHEERIT 07T L2 FR LR LFEETL0T, NV a PN 5hETY, £7-2. OpenGL
DR— 3 32 LD APl % % ® T, NVIDIA GeForce 8 U — XKLL, ATIRADEON HD
YV =XUBDETAN =R, HDOWIET T T 4 v 7 AEEZNE L TWD Intel OF 7 RO
CPU (Ivy Bridge, Core i7-3770 72 &) =° AMD @ APU (A ¥ U —X) NLE T,

212 VI bz 7HRARRE

FiET 5 0S 1T Windows 7 LLFE, macOS (Mac OS X) ® /38— 2 > 10.7 (Lion) LAKE, X
Window System (X11) % fii 272 Linux T3, TN 6D LT, a2 47 - UJrh, THFAIZT
A ZFEDY T MY 2T RBEREEZMEM L TT e 7T LEERLET,

Windows Tl Visual Studio Community 2017 ZfEH L. 32bit (x86) D 7' 1 77 A EAERKT 5
ZEEBELTVWET, [MA—FTHIIE, Visual Studio Community 2017 [THEECEH T2 Z
EMNTEET (hitps://www.visualstudio.com/ja/vs/community/), 7272 L C++ ZfiH+5I12iE, A~
AZR=FT ICH+ ICLDT A7 by 7RIS Z@IRT ZLERH D 5 (K 1),

1 Visual Studio Community 2017 A > A b —F



macOS Tl Xcode & Command Line Tools Z i L £¥, Xcode I AppStore 75 fEETA
FC& £9, CommandLine Tools 1%, BfEIX Xcode IZ[AM S TVWET, “Xcode” A==z —nbH
“Open Developer Tool” @ “More Developer Tools” %15 & KRZ4L5H Web A FrHH AFT
TET (EROBRREE 2 — PRED LI TT),

Linux TIIEHERNR CH+ a4 F7ETF A 2T 4% BLY make 2+ RO %A
ELTWET, /o, Y7 by = 7R L LT Geany (https:/www.geany.org/) % fii 19~ 2% 4l
WOV THEH L ET,

ZDIEN, OpenGL MM L7270 77 AOMEM A MBI 2 —F% v b GLFW R — 5 »
3 BLV OpenGL DILiEHHEAFIH FTREICT 5720 OB 7 4 77 U GLEW ZfEH L £7,

2.1.3 OpenGL

OpenGL 1ZEDT' T v b7 4 — LICHIEHRETHARENTNLDOT, WO THET L2 LEILH
DEFA, T LAEONEEZFITT ST, OpenGL O/N—T 3 > 32 LIBRIZKHE LT T 7
AT AN=RT 2T &, EDORTANRNI T I 2T HBA L AR—=LINTVWDILIRERDHD £7,

F 7= Linux (X Window System) Ci%, 5li&% Mesa (http://www.mesa3d.org/) B D/ r— 0,
EHLTWD T 74 v 7 AN—FRU =T OXRE =P RMT 5 RTA XY T by =2T0A
A NP DEERH Y £3, Intel ® CPU W 77 4 v 7 AN—KRo =T D RTA
/31 https:/01.org/linuxgraphics/ 23H AFFT 5 ENTEET,

214 GLFW

GLFW O7u¥ =7 O X 7 u— K~X— (http://www.glfw.org/download.html) 725~ — A
Tl LBIRa N NENTEAAA TV T 7 ANBE T ra— RTEET, EAHRDONN—
3% 3 TR, ZHIRLEIONR—Ta v 2 EIFERERRVOTERLTIEIN, Ik
A NAN LT T2 a0 B a—2IZA A =L LET, Windows 1TxF LTl BEIC=
INANINTN ATV 77 ANV BHESHTOVET,

215 GLEW

AEOT v 7T AT, OpenGL & GLFW DIE/Z. GLEW (The OpenGL Extension Wrangler
Library, http://glew.sourceforge.net/) W9 7 A4 77V HFEHLET, ZNIFT T 74 v 7 AN—R
U = 7 OYLIRMRE A FTREIC T 572 D b O T, KFIZ Windows TiE, Windows 3% & b &
HAR—FLTWD OpenGL O/X— 3 8 1.1 OT=DIZ, I T7T7 497 AN— KU =T RNEN
PBEDON=2a VR L7z b D ThoTh, TOEFETIIH LWEREEZEAT I LN TEE
Hh, TIT GLEW Z2flioT, 7774 v I AN—FU =T RROETOMEELT 7 r—v
TR T TENBHERDLL T LET,




22 GLFW @414 X b—JL

2.2.1 Windows

Visual Studio Community 2017 TiX, GLFW & GLEW % NuGet #fli>C7 =7 MIfH&
AT ERTEETN, T TCIHESTY A7 7 AADLEN RTAFEEBALET, £
CMake (https://cmake.org/) # AFLFET, ¥ 7 a— KX— (https://cmake.org/download/) 75

Windows DA > A h—7 (cmake-X.Y.Z-win32-x86.msi 72 &, X, Y, Z I3HT) 2 ¥ v o —F
L., ZN&EFEITLT CMake A1 VA h—/L LTSV, 2D CMake #ffi-> T, GLFW OF
JU RIZAE S Visual Studio DY U a—v a7 7 A NVEERLET,

RIZ, GLFW DY —AT7 7 A NV HEAFLETS, Y—RAT 7 A NVDONNy =%, Fuv=7 |
DA b~ (htp://www.glfw.org/) @ “Download GLFW 3.X.Y” OAR% > (X, Y FF) 27 U v 7
L, glfw-3.XYzip EWVWI T 7 A NVLTHE Y0 —RTEET, 2O7 7 A VEBIRL THZ
Uo7 DA=a—=nb ITXTRERM 2R, 7T A7 by 7EOELRGHNCEML T ZE 0,

FlZEA A =/ L7z CMake @ GUI hit (cmake-gui) Z#£E) L, “Where is the source code:”
DHDHIZH % DRE %7 Y27 LT, GLFW OV —R7 7 A V& R LTz
TANEERE LTS, £/, “Where to build the binaries:” DMl 4 D 2
R HI )y I LTY =Ry ANERUTZANAVEEFHE, £ 2T “build” &5 7+ VF %
fEoT, ZZZ2BBRLTIZES W (K 2),

2GLFW OFuv =7 FEERTHHED CMake O 7 +/VH DERE

D% %70y 3 BHE EDNA—Y a0 Visual Studio DRV =S k(YU 2

A AR=F @ 1) ® MANDaLR—%> ] OFZTT NuGet Ry 7r— v % —T%—] AR b—
NLUTBLMLERDHY E£T,



—vay) 7y ANEERT DR TEET (K 3), Visual Studio Community 2017 HI D& D %
LT D85 1E, “Visual Studio 15 20177 &R LT 723V, 2238, ZLiE 32bit (x86, Win32)
DIAT IV T 7 ANENEL T 027 b7 7 ANVEABRLET, 64bit(x64, Win6d) HDOZ A4 7
U7 7 A NEEDYA X, “Visual Studio 152017 Win64” Z 3R LT Z X0,

M 3 ARTD7uP=r 77 A LVORBEDER

Configure \ZhT D LA TS YV 2a—2a b 77 A NVDREDHI AKX <A RHRANFR S
NEJd, ZOHFD CMAKE INSTALL PREFIX (21X GLFW OA A h—LeafgE L4, =
DA VAN —VRIIEETT N, 22 TiE C¥0penGL (24 VA =T HZ LIZLET,

CMAKE_INSTALL PREFIX OAMOMOLMOL &2V v 27 LT C¥ 2B &, OpenGL &\
ITANE TS T, TZHEBIRL TS (K 4), ZALis o GLFW_BUILD DOCS <°
GLFW_BUILD EXAMPLES, GLFW_BUILD TESTS [ ZAETIIEALARNOT, F=v 7 &4 L

THHED Y A,

4GLFW D7 u = MREDHIAZ <A X

&I DRE %7 U w7 3L, “Where to build the binaries:” DOMIZFEE L7277 +
5

JL AT Visual Studio Community 2017 O 7' v =7 7 7 A /)b GLFW.sln 2MEKSIVET, ZD

9



TrANELT NI Y v 7 F 5 CMake D Wy oz )y 7 F UL, Visual
Studio Community 2017 23 E#E) L £ 9,

S5GLFW O7uayxz7 b (Y Va—vayv) Z7A V&R

Visual Studio Community 2017 RAEEI L7H, YV a—v a2/ A7 e —7—0 “INSTALL”
DTl FNEERL, BV IDA=2—06 TENLR] ZFATIEEN (K 6), 21
T GLFW OF7 A7 7V 77 A VBEREN, ~y T 7 A VEE L HITA A b—/VIICHRE
L7277 #/V% C¥OpenGL ICa B — SN ET,

6 GLFW OEJ)L KL AL VR F—)b

10



2.2.2 macOS

GLFW ®/3N—3 3 3% HomeBrew (http:/brew.sh) % 72(% MacPorts (http://www.macports.org)
MBIN T —UNA VA R—)LT BT ENTEET, Fink (http://www.finkproject.org) (Z1%, AFE
DOFERF N TITRY7-D FHATL-, HomeBrew TIZLLTFTDOFIETA > A h— )L T&E FJ,

$ brew tap homebrew/versions
$ brew install glfw3

V—=AT 7 ANPEES, LFORIBETHEEICA A =L TXET,
e A F—JL

GLFW o7 a >y =7 hOX v a— K= (http://www.glfw.org/download.html) 7>& Y — &

TZ7AND ZIP 77 ANV glfw-3X.Yzip (X, Y 1THF) ¥V — KL TTAZ by FIZEE,
EnELZTNZ) 7 LTEBALTLLES Y, gfw-3XY EWHT 0 L7 MUDMERSNLET,
RIZF—=IFNVERE, LToavy REIAICETLTES N (EHREHERSLETT), §
Fr=roTu 7 eRLET, B, 77 AT Just/local LLTFIZA A b= SET,

cd ~/Desktop/glfw-3.X.Y
mkdir build

cd build

cmake ..

make

sudo make install

H A A A BB

e 7UA VAL

AR D FNETA > A b—/L L7z GLFW X, ZOBRIZ build 7«4 L7 Y OHIZERSND
Makefile Zfi>CTT7 oA A =L T&ET (FHEHERDZLETT),

$ cd ~/Desktop/glfw-3.X.Y/build
$ sudo make uninstall

2.2.3 Linux

GLFW ®D/X— 3 > 3%, Ubuntu (http://www.ubuntu.com)., Fedora (http:/fedoraproject.org) (Z1%

Ny r—UBRHEBEEINTWET, F72. OpenSUSE (http://www.opensuse.org) Tl Tumbleweed |Z

official release & L C., Leap 42.1 Tl unstable package & L CA A N—LT&EEd, V—RAT
TANDPEL, LTOFETHEHEIZA VA h—LTEET,

o { A=

GLFW o7y =7 hOF v a— K= (http://www.glfw.org/download.html) 72>6 Y — A&

11




T AND ZIP 7 7 AV glfw-3.X.Yzip (X, Y (35T) Fvrom— KL TLEEN,
WIZH—IFNVERE, LTOavy FEIAICFEITL TS E S (BHEEERPLETT), §
Iz a 7 NERLET, BB, 77 AV Just/local LLTIZA VA h— L ENET,

unzip glfw-3.X.Y.zip
cd glfw-3.X.Y

mkdir build

cd build

cmake ..

make

sudo make install

B A A B A B

e 7UA VA =L

AR D FNETA > A F—/L L7z GLFW X, ZOBRIZ build 7 4 L7 U OHIZERSND
Makefile Zffi>CTT7 oA A =L T&ET (FHEHERDZLETT),

$ cd glfw-3.X.Y/build
$ sudo make uninstall

23 GLEW DA VX +—JL

2.3.1 Windows

GLEW [Z2WTH, T TIEHSGTY A7 7 AL b EN KT 5 H5EZHH L EJ, CMake
FBEIZA VA b= a3 Tnb ELET,

£7 GLEW OY—RXT7 7 A NVEAFLET, YV—RT77ANVDNRyr—V%, Fuv=s h
DY A ~ (http://glew.sourceforge.net/) @ “Downloads” @ “Source” @ “ZIP” OXFTx 7 U v 7
FTAIUE, glew-2X.Yzip (X, Y (FETF) LWO 77 A NMA4LTH DU yr—RTEET, ZO77 AL
EBRLCTHZ Y v DA =a—nb [TRTER) 2RO, 7R7 by 7O Y 723501
BRL TS 72&0,

KIZ, CMake @ GUI it (cmake-gui) Z #£E) L, “Where is the source code:” DDA IZH %
DRZ %27 V7 LT, GLEW OV —RA7 7 A LVERM L7+ A X0 H
% build ZHILEDHRD cmake T+ IILEZHEEL T 7ES W, £72, “Where to build the binaries:”
DDA D ORE L HI )7 LTI =R T 7ANERUT7 ANV FERE, 20
HiZH D “build” 7+ NV HFZBRL T ZE0 (K 7).

D% 7V L, ERTEIrY=s b (Y a—vay) 7740 Visual
Studio D/3N— = 12 “Visual Studio 152017” Z R 9 4LIF. 32bit (x86, Win32) DT A 77 U 7
TANENEL TR Y 2 N7 7 A NEEMRLE T, 64bit(x64, Win6d) HDOZ A4 77V 77 A L%
ED%41%, 2 2T “Visual Studio 152017 Win64” Z 3R LT ZE W,

12




T7GLEW O uvx7 FEEKTDHED CMake D7 4 VH DFRE

Configure (2T 2 AR T2V a—va b 77 A NVDREDH AL <A RHHNFRE
NEJd, ZOHFD CMAKE INSTALL PREFIX (21X GLFW OA A h— Ve afgE L4, =

AZIE GLFW &R CSiiafeE L T< 723w, Z 2Tl C¥OpenGL (24 » 2 b —/L LE T,

CMAKE_INSTALL PREFIX OAMOMOL MO ]IE 2V v 27 LT C¥ 2B &, OpenGL &\
I T FNAEFRLTLEE W (K 8),

SGLEW O/ uv =y "REDHRF <A X

&I DRE %7 ) 73X, “Where to build the binaries:” DOMIZFEE L7277 +
JL AT Visual Studio Community 2017 712 =7 N7 7 A4 /L GLFW.sln MERKSIVET, ZD

TrANELT NI Y v 7T 5 CMake D Wy vz )y 7 $ UL, Visual

13



Studio Community 2017 23 &E#E) L £ 9,

9GLEW OFuav =7 b (YVa—varv) 774 V&R

Visual Studio Community 2017 B L7H, YV a—v a2/ A7 —7—0 “INSTALL”
DT7rTxl FeBEIRL, B2V Y IDA=a—1rb TELF] ZFBBATIZEWY (K 6), 24
T GLFW DT A7 7V 77 A VPEREN, ~y T 7 A VEE L HITA A b—/VIRITHRE
L7277 #/V% C¥OpenGL ICa B — S ET,

10 GLEW OENLRE A VA F—L

14



2.3.2 macOS

AREOPER S TIX, GLEW O 3%y 77— 1% MacPorts (http://www.macports.org/). HomeBrew

(http://brew.sh/), 3 & " Fink (http://www.finkproject.org/) ODWF D7y =7 MILHBEINT
WE LT, Y=AT7 7 ANLPBIFUTOFIRTA A =L TEET,

o f A —JL

GLEW o7 a =7 h®DO~_X— (http://glew.sourceforge.net/) 7»oH Y — A7 7 A )LD ZIP 7 7
AV glew-2.X.Yzip(X,Y 135TF) 247 u— KL CTAY by ICEE, TNEXLTLVI Y v
JLTEBALTLEZ Y, gew-2XY W5 T 4 L7 bUDMERSNET,

WIZF—IFNVERE, LToavy REIAICETLTES Wy EHREHERSLETT), §
Fr=no7ar 7 aRLET, B, 77 A VET 740 T /ust 124 VA F—LELE
T A VA P—IEEEETSHI21E, make T~ ROF[$T GLEW DEST 24 > A b —L %%
HELTLESWY (GLFW EFRILT 4 L7 RUVICA VA =T 52 L EEDET),

$ cd ~/Desktop/glew-2.X.Y
$ make GLEW_DEST=/usr/local
$ sudo make GLEW_DEST=/usr/local install

e 7UA VAR =L

AR D FNETA > A h—/L L7 GLEW (X, ZTOBEIZ build 74 L7 b OHIZERSND
Makefile Zfio>T7 A VA h—ATEET (EHEEHRSLZETT), GLEW_DEST (21 &~ A
=D EXITHRTELIEZA VA M= EIETEL T ZIN,

$ cd ~/Desktop/glew-2.X.Y
$ sudo make GLEW_DEST=/usr/local uninstall

2.3.3 Linux

ARFEDOEERF S TlX, Fedora (http://fedoraproject.org/). Ubuntu (http://www.ubuntu.com/), LN

OpenSUSE (http://www.opensuse.org/) DWT DT 4 AR U Ea— 3028, GLEW O/3y/r
“—‘\/“7j§};ﬁ/;§éﬂwcl/\i l/f:o y_X77/r/I/f))%ﬂj:\ LjT@%J”EVC‘\/I) \/X ]\b—/l/‘?% i‘a—o

o { A —JL

GLEW 7 a =7 b®D~_X— (http://glew.sourceforge.net/) 736V — A7 7 A )LD TGZ 7 7
A glew-1.X.Yitgz (X, Y 138F) #2X¥vrm— KL, @427 027 N TRERBALTIZEN,
WIZHZ—=IFNERE, LTOa~vy FEIAICET LT ES Y (FHEHERSLETT), ‘$
Fr=noFu 7 aRLET, B, 77 A VIET 74V T /ust 124 VA F—LELE
T A VA NN EEEST S5, make 2~ ROF$T GLEW DEST (24 A h—/L %%

15




HELTLEIW (GLFW ERILT 4 27 RUICA VAR =T HZEEEDET),

$ tar xzf glew-2.X.Y.tgz

$ cd glew-2.X.Y

$ make GLEW_DEST=/usr/local

$ sudo make GLEW_DEST=/usr/local install

e 7UA VA =L

BDRDOFNETA > A h—/L L7~ GLEW (%, ZOBEIC build T4 L7 N OHFIZEREN D
Makefile Zfio>T7 A VA h—ATEET (EHEEHRSLETT), GLEW_DEST (21 &~ &
=D EXITHRTELIEZA VA M= EIETEL T ZIN,

$ cd glew-2.X.Y
$ sudo make GLEW_DEST=/usr/local uninstall

16




¥£3E JOYU 5 LOER

31 VI bz T7THRRIRE

TT T LAOERIBZTIRA LT 4 2L a N, T Y AR EDOFTRLER S 2 HAVTTRE
TEN, BUEIRT XA T 4 2Rar AT - U d, TRy HREEZOEELDICT L, ##
ERIRIIRE (Integrated Development Environment, IDE) 23 —xJICHW O ET, Z 2 TIEET T
Y R 74— AZBNWTELfEDND Y7 MU = 7HBREICOVWTHILET,

3.1.1 Windows
e Oy FOHBIER

FLnryarey EERT DI, (7740 OA=2—0 [HHBER] »6 7y
b Z@ATLEES Y (M 11),

11 vz FOER

AU A= NEBLDT T L— D [Visual C++] ([2H D [ZED Ty =7 b 2RO, VBT
L7077 50 451 (K 12 TiE “sample”) &% E L7z [OK) #27 U v 7 LT &N, 72
B.ZZTE—o0Y)a—vail—o07adzs FLIMESRVWDOT, [V a2—a D
T4 L7 MY EER] OF =y 71384 L THBOEE A,

17



12 TEmpty Project] DR

INTEOT Y=y FBRERSHES (X 13),

13 Z2OFvy=s b

®Y—XT7AILMDIEM

Ta TS5 ILDY)—A T ANVEERLET, [Tl v OA=a—00 [HLWEB OB
) #EATLZEW (K 14),

X 14 HrLVWEH OB

[ LWIHEA OB Ov g Ry (K 15) OLEMOSA T [Visual C++] &3O, Fho

18



NA T [CH 7740 (epp)) ZRATLIEZY, £, TOTFO 47 OMIZY—A2A7 7
ANDT 7 ANLEANTILTLIEZEESN, Z20%, B 2270 v 7 LTLIEEN,

X 15C++ OY—AT7 7 A VDB (FHRIER)

TXANZTAXZDOU 4Ry (M 16) BDHEEST, 22V —RATa s 7 0% AJLET,

K 16 Y —R7Fu s T ADOkRE

e JOovxH rDTONT 4«

B+ %7 v 277 A2 GLFW & GLEW, B8X W OpenGL 7 A 77V 77 A NV%&Y I F
LHREEITVET, [Tav= ) OA=a—0 [7axT ] ZRIRLTLIZEW (F 17),

X 17 a7 b [FaxXTF o] OFRR

19



TaNRF 4 _R—=T O [C/C+] OHEBICHD [ #BINLT, BEMOA > 7 — RF 4 L
AN 0)*%@5&#%@%7 Uy 7 LTHENLD <> 27V v 27 LTS (K 18),

18 7ualx27 b [Fua/)xTF 1| OFRE

[Z 4V ZOBM OFAarE7) v s Libe[ &7V v 7 LTIESY,

19 3 BIOA Y ZA—FF 4 L7 RY

BEmoA 70— RF 027 Y2k, GLFW = GLEW #A VA —L LT 4 L2 b
U (C:¥OpenGL) ®H® include 7 4 L7 F VU Z&IR L £,

20 BIMDA VIV —FKF 4 L7 FUDOBER

20



WIZTaRT 4 RX=TD [C/C++] DIHEBIZHD 7V Tty y) 28RLT, [ ek
> W @*%@Eﬁ%@%:ﬁ Uo7 LTEND I<fite..> #27V v 7 LTLZE0 (K 21),

21 ) Fuky Y OERDORE

(7)) 7ty HOiEFR] I GLEW_STATIC #A /LT TOK) 227 U v 7 LET (¥ 22),

22 7Y 7 uky Y OERIC GLEW_STATIC %#3BHN

SEFITaRT 4=V ) o h—] OIEBIZHD [ 22K, BNMOZ A4 77
TALT R 0)*%@2’5&#%0)%7 Vo7 LT I<fmE.> 22707 LTSN (¥ 23),

21



23 i BIMDIATZ7YT 4V 7 bUDER

[Z 4V ZOBM OFAarE7) v s Libe[ a7V v 7 LTLESY,

24 BMOIFATZ2VF 4017 RV

BEMoOZA477VF 40127 MY ZiE, GLFW = GLEW A4 A =L LETF L7 MY
(C:¥OpenGL) OH @ lib 7 4 L7 R U ZEIRLET,

25 BT ATV 41V 7 bUDER

KEICTaRT 4 X=UD [ oh— OHEBIZHD (A1) ZFIRL T, HEMOEKFEZ 7 A4
g 0)1%036%0)%7 Uy 7 LTEND I<fite..> 227V v 7 LTI ZE (K 26),

22



X 26 BIMOETFET 7 A LOIERR

BBINOEKLT 7 7 A V] 12 opengl32.lib, glfw3.lib, X% libglew32d.lib % A71 L T [OK|
Uy LTLEEW (1 27),

X 27 BIMOEFEZ 7 A VD AS

Bl & TS5y bI4+—L4])

M 18 DT v RT 4 =D EICHD Ak 1, TNy 7D L EIZHWD [Debug) &, &
WKy7e 7 e 7T AEERT D & ZITHWD [Release)] #8025 Z L3 TE £7, [Release] 1
WTT R T LE2ELR (AN AAR) 7 EO— OB AR THYDO 1 7T K ERT
HIEE) T2 LREILICEVEORNT B 7T APERSNETN, Rl a— RPHIBREN
DIRELTY—=RT BT TLLAar NA NV LERRB = LR R0, Ty IRHLLL 2D F
T, 22T [BToOM 2T, MAOMRICHCRELBEHAT L2 LN TEET,

Fe 17y b7 —A5]) 13, — A7 PC Tix Win32 (32bit) & x64 (64bit) =8V #x 5 =
ENTEET, 2L, x64 [ZHVEXTEAL N LT 0w 7 A2F (T3 51013, A —7 4
> 7 AT A (Microsoft Windows) 7% 64bit i CHHIMLERH VD £,

AT GLFW & GLEW % Debug KA 32bit TIERL L TWAHEAIL. 2 ZORED I

23



BOEDLIVENHY £4, b L Release HERL° 64bit D7 1 7T AAEERRL LT-WEAIX. GLFW
& GLEW L ZHICAEDOETIER L, TNENERL2D 74 VA ICHET HILERH Y 77,

HWE: V—RTOTSLADEBEDIEDHIAH

IR > DEMOEKIET 7 A v ] OREIT. Y —AF 07T LIKRD 3 17287 H< 2
ENRTEET, V=R al 700885 H81F. Z0oF0ENN—2TBML T 7EEW,

#tpragma comment(lib, "opengl32.1lib")
#tpragma comment(lib, "glfw3.lib")
#tpragma comment(lib, "libglew32d.lib")

T, TWin32 av Y —AT7 7V r—vay) o7ay=y NCHERLEZT a7 T A%, F7
T5HE OpenGL OU 4> RuDEniz lavyy—nvo 4 Ry BREEET, Y —Lr v
RUET ANy TR A v B —VEERTFTL2OICHEATTN, ZHEFRE 2 R0GEIERON
RueY =270 77 AMIBEMLTESWY (FBRITT 1 ATTANLTIEIWN),

|#pragma comment(linker, "/subsystem:s¥"windows¥" /entry:¥"mainCRTStartup¥"")

#WR SATSUYI7AILD) 212D T

FATZVDY 7 HEE, RETA9 IV E8AFIVD ) 0D L0 ZODHENR
HBVET, AXT 47V TE, TAT TV 77 ANCEESN T LEEE, 70/ 740
EVRRZ T v 7T AAKRICY 7325 (flAriate) HIETT, —H¥A T Iy 7027, 7
A7V 77 ANVEMMIHELTRBE, 70T L0ETRIZZEDTA T TV 7 7 A4 VIS
IWCWHBEBA MO T HIETT, ZOMCHELEZIA 77V 77 ANVDIEE, BA4FZY
91) 24954751 (Dynamic Link Library, DLL) & W\ E T,

TAT TV T 7 ANMIBESN TV DLERTERO T v 7T bR ShD e, ZA2T 4
w7 V7RI ERUBABOa =N R 57077 ANICHFETHZ LI, AEIRT
A AT I ENBERICE DN E T, ZHUCKLTHEAF I v ) o TIEBEBOEREREFEND
D AT 47 VT DOLIIRERPNHY A ET-. 7477 VREHFINT L XX DLL
EANBEZR DT THA, AT 497 V70X 7 LETRERHY FHA,

ZDEICAY Yy hDEZWEAFI v V7 TTR, ZOHFETIEIER LT v 7 T ARE
DIFNZY 27 LTWD DLL % [a<y FOBRFANRA] IZEENDLT ALV MU HDHWITT
077 LEFETTHED WEET L7 MU B LERHY £, £/, BV R & EITR
D DLL ONR—=2a VOA—FITLD NI 7V ERZITILEEHY £T,

ZNERET B 72D, BIROFEETIE GLFW & GLEW 2 A X7 4 v 7 U7 LCnET, 2
DL GLEW #AX T 4 v 7 V73 555101%, 7Y 7ety ¥ OERKIC GLEW_STATIC
ZBMT2LERHY 9 (K 22), ZOREIL glewh % #include 3 %A1l GLEW_STATIC %
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#define THITELS ZENTEET,

#define GLEW_STATIC
#include <GL/glew.h>

72721, Visual C++ [ZBWTCINOLDRET 4 w7 VI HDOIAT 7 VR TT D&,
Visual C++ (2 X > THFERMGIZ Y > 7 SND, 1FNDTA T TV EFALTND &V ) EENER
SINHZENHVET, ZOBEIXAFTIv IV T ETZTINET LI ENTEET,

GLFW & GLEW ¥ A+ v 7 V735861, ZREh giwdlib by I
glfw3dILlib, libglew32d.lib D V(T glew32dlib 2V > 7 LE4 (% 1), £ LT glfwd.dll &
glew32ddll & Ta< > ROMBARA] IZHEENDLT 4 V27 MU AER LT 0 7T WEFATT
LD MEET 4 L7 R JIZEWVWTLEE W, BiEHEDOHEIE glfwd.dll & glew32d.dll %, 32bit
Jii Windows TIZ C:¥Windows¥System32, 64bit fiii Windows TlZ C:¥Windows¥SysWOW64 |Z (&
< [V 2AT LOFEHIRRES] T T2 27 NEREEAS @ Path (2 glfw3.dll & glew32d.dll % &
WeT 4 L7 R EZBIMLTLSIEEN,

KR1IVI$BI547FY

B EH U093 514T3Y DLL
2T Iy GLEW_STATIC glfw3.1lib libglew32d.lib (L)
A4y o Ivy (IzL) glfw3dll.lib glew32d.lib glfw3.d1ll glew32d.dll

728, GLFW X GLEW ONA F U Ry r—I T, 7477 U 7 7 A ML [Release] HAKT
NV RENTWET, £/, GLEW ODARXT 4 w7 V77477 1VD7 7 A NVAIE glew32s.lib,
AT I V773477 VD7 7 ANMAT glew32lib & glew32.dll (2725 TWET,

3.1.2 macOS
e Oy FOHBIER

macOS TIE Xcode D/X— 5 8 OFNZHOWTHIHAL ET, Xcode ZEENL, X 7T v
=27 4 FU (X 28) @ “Create a new Xcode project” %27 U v 7 3 50y, “File” A =2 —®
“New” 75 “Project” A T ES WY,

 Windows7: [AZ —hA==a—] b Tar bag—A_f ] [V2F 0t X2 0T 4] [ 2F 0 OEICE
AT T AT AOFERRE] 2B L9, Windows8: T A7 by 706 [Fx—2a) ZBE [FRE) TPC H#)
DNEIZEA T VAT AOFFEMRE] 28R L ET, Windows 10: AX—hA=a—05 [RE] O [V AT A
ERE—BTICHD (VAT LEHR] 2BAT (VAT LAOFMRE] 2RI ET,
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28 A7 TG o2 4Ry

7uyxl hOT 7 L—hELT “macOS” @ “Application” 2>5 “Command Line Tool” %
O, “Next” 27 U v 7 LT (K 29),

29 a7 hOTFTUFL— FDER

TuY 7 NOF T a O “Product Name” Z % L T 723V, “Organization Name” X2
“Company Identifier” [ZBEEMEBHESNTVET, TNOIEHMEIS U TERL T EEV,
“Type” IZIZbHAA CHt ZEATLLIEI WV, DK “Next” 27 U v 7 LTI ZEW (M 30),
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K 30 Yulzy hOF TS g DRE

Talel NOT 4V N EERTIOIGHERELET, WYl ZAE®RAT, “Create”
7 Uy LTLEEWN (K 31),

K 31 FYulxzZ FOF 4 L7 N ORI
e JOnTxH FNEE

FPT. AVETFANETATTIVORBARAZHRELET, K 32 OU 4> FUuDEHIcH
Lol " aEIZY I L (1), TOEORyTT v 7 A=a—n5 “Targets” %A T<
723 (2), WIZH IO “Build Settings” Z@#IRLET 3), Z ZITIIRTHANKREIZHD D
T, BMBEHEIZ “search” 72 X% AJJ LT (4) “Header Search Paths” &t WHIHHZEE L, ZOHM
BTNV V7 LET (5), THDEANU A RUNRKRYy T T T LETHL, £TFO “¢ %
7V v 7 LTHEZEBML (6), 212 GLFW & GLEW O~y X 77 A V& A A M=V LT
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Pt (Just/local/include) Z g% E LT 7ZE W (7).

32 ~F TP A NDORBEIRADEE

Ny TT v 7T L4 UL ESC F—%2 X2 AT T 5, £DOU 4 RULUSNDEZ A%
U w7 $UEH A £9, RIT “Library Search Paths” DA (K 33) 24727V w7 L (1), [\
FRIZ GLFW & GLEW OJ A 77U 77 A V& A A M=)V LIZFT (Just/local/lib) Z 5% E L
£7 2)3).

B 33 547 TV 774 NVORERSNADRE

Vo723 57477 V70— U—7%RKELET, MEEIZ “linker” 2EZATLT
“Other Linker Flags” * WOIHHAE L, TOHMEX TV 7Y v 7 LET (X 34), AJ17 1>
ROURRYy T L, ETFO “+” 27y 7 LTHMEBIIL, ZZICUTOREEATIL
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TLEEY, ZHIEF 1TATTANLTE, =T 2MEalFo TV EEA,

-1glfw3 -1GLEW
Cocoa

-framework OpenGL -framework CoreVideo -framework IOKit -framework

=AY,

34 V73BT 47FVeT7Vv—LbT—7 DEE

WZIZ, a7 A T7DONR=V a3 aRELET, AFETERT 27 v 7T A%, —HIC C++11
(ISO E#E ISO/IEC 14882:2011) DREREA > TV 5728, MERAIT compiler 72 &% AJJ LT
C++ Language Dialect ##£L (1), £ 2 (2) T “C++l11 [-std=c++11]" ZIBONE T (3).

35V 03553477V ET7Vv—bTU—7DEE

ZOT 7L — F T “mainepp” EWO T 7 A NKDY — AT 7 A S AEEVIZIER S 1L E
T (X 36), ZALIC main() BB ERSN TWET,
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X 36 Y —RFus T ADORE
® Makefile 4 3%

Xcode #FEHET, v Ta~vwr RefEo T rr 7 A& ENRT 254615, Makefile = HE
LTHBLEFRNETET, £, mkdir a~> KR E%H-T, YV—RAT7 7 A NVEZELZZEDT
4 V7 M) B —2HEHRK LTI, $ iTv=nrorur7raRLET,

|$ mkdir sample

WIZ, THEFAMTT 4 Z 5o TUTONED T 7 A /L% Makefile &9 7 7 A L4 THER
L. ZOT 4LV 7 FUVIRFLTLKEE N, £2, 2O 7 7 A VOITEHDZEH (@@T OEH D) 12
1T, AR=ATEHRL X T E2Hio T IEE N,

CXXFLAGS = -g -Wall -std=c++11 -I/usr/local/include

LDLIBS = -L/usr/local/lib -1glfw3 -1GLEW -framework OpenGL ¥
-framework CoreVideo -framework IOKit -framework Cocoa

$(patsubst %.cpp,%.0,$(wildcard *.cpp))

sample

OBJECTS
TARGET

.PHONY: clean

$(TARGET): $(OBJECTS)
$(LINK.cc) $~ $(LOADLIBES) $(LDLIBS) -o $@

clean:

-$(RM) $(TARGET) $(OBIECTS) *~ .*~ core

ZOT77ANEERLTEBIIE, Z2OFT 41V 27 FU T make 2~ FEFEITTHI LT,
V—RTa T TGEANaL ) U T INT, ET70 7T AR ERIILET,

30



3.1.3 Linux
® Geany *f#5

Linux |26 S EIERMARBRENH Y, /o, REOPER LTI EANERE VD DT
THRIEITT, TRRANZT 4 X La~v RIA L ar A ZEFTHRET LI & bRk
DTETMN, T2 TIEY 7V TRERBIFEEF D Geany (http:/www.geany.org) DFIZFEM L ET,

A —IFNERE RO~ T Geany ZEEIL T, 7F A N7 7 A VEFHIER L £7°,
ZOBITIE mainepp E VI T T ANELDY — AT 7 A NVEEKRLET, S FraroT T
FNERLET,

|$ geany main.cpp

HHWIE, Geany O [T 7 AV A=a—0bHBERT L2 TEET, CH+ DY —RT
7ANTHIUL, [T 7 L— "D OHHBMER] © mainexx ZEONET (K 37), JLETFD “oxx”
222> TLEWVWETA, Linux TIEINRE CH DY —ZA7 7 A LOYEETF L LTRSS ET,

X 37 Y —RT7 7 A INVOBFRIER

Geany O [EJV R A=a—0b BV Na<wy RERE] ZIBATIZEW (K 38),
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X 38 EARa<vwr FOREYV 4 FUDHOHL

eV ) v a~y RO (K 39) 12, BEICATSNTND S DDRIZAN—RA % BT
TROREZEBMLTLEEN, ZRE®RTTEITETIC, T TAHLTLEEY, -Im IZ
GLFW, GLEW, & 2%\ X OpenGL TIIFIHESNEHAN, KEOT 077 A TIEHERFIA 77
VEMESOT, ZZTEMLTEBEET, HEBKDLoD TOK] 27 U v 27 LTLIEIN,

-std=c++11 -1glfw3 -1GLEW -1GL -1Xrandr -1Xinerama -1Xcursor -1Xi -1Xxf86vm -1X11
-lpthread -1lrt -1m -1dl

X 39 NV FRavwy RERE

® Makefile #1£%

Geany 72 EOMAEABERELZMHE T, oV Ta~vr FNaffio T u s 7 AREKRT 256
L. Makefile ZHE L THBL EFREPETET, £9, mkdir a2~ R EEE-T, V—R7
FANFEELZEDOT 4 LI FYEERLTLSEEY, 3oy ar 7 a2 LET,
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|$ mkdir sample

WIZ, THERAMTT 4 Z 5o TUTONED T 7 A /L% Makefile &9 7 7 A L4 THER
L. ZOT 4LV 7 FUVIRIFLTLKEE N, £2, 2O 7 7 A VOITEHDZEH (@@T OEH D) 12
1T, AR=ATEHRL A T 2o T IEE N,

CXXFLAGS = -g -Wall -std=c++11

LDLIBS = -1glfw3 -1GLEW -1GL -1Xrandr -1Xinerama -1Xcursor -1Xi ¥
-1Xxf86vm -1X11 -1pthread -1lrt -1lm -1d1

$(patsubst %.cpp,%.0,$(wildcard *.cpp))

sample

OBJECTS
TARGET

.PHONY: clean

$(TARGET): $(OBJECTS)
$(LINK.cc) $~ $(LOADLIBES) $(LDLIBS) -0 $@

clean:

-$(RM) $(TARGET) $(OBIECTS) *~ .*~ core

ZOT77ANEERLTEBHIE, 20T 41V 27 FU T make 2~ FEFETTHI LT,
V—RATa T ENa ) U T INT, ET7a 7T ABRERIIVET,

32 Y—R7TO55LDOERK

3.2.1 MIBF|E
GLFW Zflio7=7 a7 I AOMBEIEEZLL IR LUET,

(1) GLFW Z4IHHtd % (glfwlnit())

2) Va4 RUZlEpkT % (glfwCreateWindow())

B) VA4YFRUNRBEANWTWD MY K LHET 5 (glfwWindowShouldClose())
@) ZITNNRy T3V TONRy 77 DANEZZITH (glfwSwapBuffers())
5) U4 RUNHALZOKTUHAZITS (glfwTerminate())

® A4 >Fa% 3 L (main.cpp)

BN TR/hD) CH OT 07T 2k BEZTHET, Y—A7 7 A VM4 % maincpp & LT,
UTFO#NT O %Z (Y7 MY =TRBRED) 7F A P27 4 ZITHTHLIAA TS,
C++ TlE. main() B D return XEEHMET D&, 0 & return 52 L2720 £77,

int main()
{
}

Y7L TOY 5L step00
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IoTaTITNE, Ta T L0 NIRA VN (T LADOFETERMT DG TH
% main() BA% L7, ZOFHHLELROT, FITLTHLMLEZ LTI T LET,

3.2.2 GLFW m#1#i1t
main() BE%C GLFW O Z 8L £,
® A4 >TFOY S L (main.cpp) DEE SR

V=277 T ADOEIHTGLFW O~y ¥ 7 7 A /L GLFW/glfw3.h % #include L ,main() B4
BOBROEHSy, Thbb 7 e T AOFTHBERIC glfwnit) B¥EZFEITLET, Zhick
D, 2071 T AT OpenGL 2T 25 7- 0 DMEMAITOIET, glfwnit() BIED R 0l
GL FALSE @ & %X GLFW O#HHLIZKR L TWETHD, =7 —A v bE—YE2 LTI s
TLEKRTTDLEIICLTEEET,

#include <iostream>
#include <GLFW/glfw3.h>

int main()
{
// GLFW Z#IH#Ed %
if (glfwInit() == GL_FALSE)

// AEEICRBEL 1=
std::cerr << "Can't initialize GLFW" << std::endl;
return 1;
}
}

int glfwlnit(void)
GLFW Z#HHE L £7, 130D A2TH GLFW OBEMAEFITT HRICFEITT OLENH D £7°,
MWHEIZE L3 4U1X GL_TRUE (fEi% 1), KE94uiX GL FALSE (fEI% 0) #iKL £,

323 42 FODER
GLFW O#HMENE S L7 &, glfwCreateWindow() B# i~ T+ R ZERk L £9°,
® A4 >T70O45 5L (main.cpp) DEE S

glfwCreateWindow() BIMO RV EIZL Y F ) G aVTFFRA M EMENRD Y 4 > RUEA D
HMERFFT HAT V27 PORA U HTT, 2D NULL 725 7 ¢ > R OFERIZARB L T
WHDT, TT7—AyvE—VEaRRLTTRTTLERKTTLHEOICLTEBEET, /B, 20D
&R TIEBEIZ glfwnit() (XKD GLFW OFIHHERET L TWLDT, Imnr I L&k T35
EHI, 3725 return XOH T, glfwTerminate() BA%% 51T L T GLFW O TAB 2TV E T,
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#include <iostream>
#include <GLFW/glfw3.h>

int main()
{
// GLFW Z#I#i1LT %
if (glfwInit() == GL_FALSE)

// AEEICRBEL 1=
std::cerr << "Can't initialize GLFW" << std::endl;
return 1;

}

/] D4 FOEERT D
GLFWwindow *const window(glfwCreateWindow(640, 480, "Hello!", NULL, NULL));
if (window == NULL)
{
/] 74 RONERTEGA, T
std::cerr << "Can't create GLFW window." << std::endl;
glfwTerminate();
return 1;

}
}

GLFWwindow *glfwCreateWindow(int width, int height, const char *title, GLFWmonitor *monitor,
GLFWwindow *share)
GLFW DU ¢ v RUZELE T, RVEIIIERLIZY 4 YDA RLTY, AV Ry
BT 72X NULL 2R L £9,

width
ERT 27 4 > RUDOHIBOBFEE T, 0 I K& RITFUTRY £EA,
height

ERT 20 4 RUDEIOEFRT, 0 I RE iFiudeh A,
title
BT 2T 4 RUDZ A FAN=IZFRT 5 XFHITY, XF=— Nid UTF-8 T,
monitor
VA4V RUEE=S (TAATLA) OREICRKRZTDHEE (VAT Y —F—R), &R
TOHE=SEFELEY, 7VAI7 U —F— FTRITNIE NULL Z4EE L £,
share
FI¥ share (ZIZD T 4 RUDANY RAZIRETIIE, DOV RO ET 7 AF ¥ E
DY Y =2z LET, NULL ZfETL, VY —2A0EGIEIITVEE A,

void glfwTerminate(void)
GLFW D& T Z4TUVE T, glfwinit() BIET GLFW OFIHHLICI L2 G&1E, 77T
LEMRTT DR, ZOMBEETT2LENH Y £3, 20T GLFW TIER L2 T
D74 RUEHL, BIELEZE2TOY V=R &I LT, 7027 F L0IREEZL glfwinit() B
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BT 2RIICRE L4, Z0%IC GLFW OfEREAZ# AT 2121%. FHE glfwinit() Bk
EEATLARTNIERD £H A,

324 HWEY D12 FIDEE

glfwCreateWindow() BAELZAi[E] & EFNHEIE, —2 D70 77 A CTEHED Y 2 RU ZA/ERT
HLZENTEET, LL, #EOU 4 FUICRERICKBEA#ET 52 LIETEETA, KE
OB ZAT ORI, NP OHEEZITO UV 4 RUZIEET 2MLENH Y 7,

® 4427045 L (main.cpp) DEE SR

glfwCreateWindow() BIELD RV EDO KR A & (/N> F)V) % glfwMakeContextCurrent() BI% D
SIBICHEL T, 2OV 4y RUyOLyF Y v 7ary T A MELBOMRIZLET, Wy
4 ¥ RO T 2REPCKIE O 72 &1, ZORITITWET,

#include <iostream>
#include <GLFW/glfw3.h>

int main()

{
// GLFW Z#HLd %
if (glfwInit() == GL_FALSE)

// AEEICRBEL 1=
std::cerr << "Can't initialize GLFW" << std::endl;
return 1;

}

/] D4 FOEERT D
GLFWwindow *const window(glfwCreateWindow(640, 480, "Hello!", NULL, NULL));
if (window == NULL)
{
/] D14 ROBNERTEGMN ST
std::cerr << "Can't create GLFW window." << std::endl;
glfwTerminate();
return 1;

}
/] BB LTz« > K% OpenGL DUEXRIZT S

glfwMakeContextCurrent(window);

}

void glfwMakeContextCurrent(GLFWwindow *const window)
51 window IZHE LNV RAVDOTU 4 RUDL Y HE Y7 aryTX A NehL o b (AL
PRI ICLET, LAV 7 arTd A MIEEICHAWSONLBERT, Vs R L
FFShES, KEOHEILIZhE I L2 MIRELLY 4 FUICR L TITOIRET,
window

OpenGL DIFAR LT 20 4 RUDANY FAZEELET,
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3.2.5 OpenGL D#HAZTE

glfwMakeContextCurrent() BI4T OpenGL ([Z X AHE AT O U 4 » RUZRETIUX, LOHX
< OpenGL DOFERENEHTE D X 912720 £,

® 4427045 L (main.cpp) DEE S

Z 2 TlE glClearColor() PA%KIC XV FRFEAZHET 26 (FRf) 2RELET., ZO&KH)
DO=2D51¥%, BY D5TEBE R, &, 7)) OXO=JHEaEETRLET, ZITEHA (I,
LD ICLTOWET, F45BEIABHELELE T, 22 TIEEH 0) ICLTWET, ok, B
B4 gl~ THREDH DL OpenGL @ APl T9 (GLFW OB 1T glfw~ ThEE D £9),

#include <iostream>
#include <GLFW/glfw3.h>

int main()

{
// GLFW Z#HLd %
if (glfwInit() == GL_FALSE)

// FEEICRBEL 1=
std::cerr << "Can't initialize GLFW" << std::endl;
return 1;

}

/] 242 FIEERT S
GLFWwindow *const window(glfwCreateWindow(640, 480, "Hello!", NULL, NULL));
if (window == NULL)
{
/] 242 RONERTEGA ST
std::cerr << "Can't create GLFW window.
glfwTerminate();
return 1;

}
/] EBLT=7 142 K% OpenGL DLEXRRIZT B

glfwMakeContextCurrent(window);

<< std::endl;

/] BRBZEEET D
glClearColor(1l.0f, 1.0f, 1.0f, 0.0f);

}

void glClearColor(GLfloat R, GLfloat G, GLfloat B, GLfloat A)
glClear(GL_COLOR _BUFFER BIT) TV 4 > RU BV {ETAZEELET,
R, G, B
ENENIRE, fta, FEOMYOME %~ GLfloat A (float Bl L %5:fi) OfET, 0~1
BEFEHET (X 40), 1| BDERLHADL, ZO=2CFNFN 0,0,0 ZHEETIIZREA, 1,
L1 #fETTAAICRD 7,
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X 40R,G,B DfEL

A
TT 7 EEFETIL, OpenGL TIXAZEE & L CHbiET (0 TEI., 1 THREW),

#E: OpenGL OTF—4 !

77747 A=K7 (GPU) BDNHIZHER L WL T —ZOELINRTT v N7+ —
2 (CPU) & —HLTWDEIERLZ2WVO T, OpenGL THV 5 7 — X ZITME OF — X BN
BB THENTWET (F 2),

L2aL, FERBIZIE, 207 — 28X CPU, H5WNIMEMT 270 7T I 7V EFEDO S DK
AT B TWET, 72 & 21X GLubyte L C FiEH L5V C++ SEED unsigned char (2
*Phc L. GLfloat % float xS L £9, 723, OpenGL 4.2 Tl GLclampf M & GLclampd
TIFEIE &, FNEH GLfloat, GLdouble ICE &z b E Lz (F 2D <),

723, GLhalf B |Zxbi3 % CPU lOF — X AUIMF(E L 72\ e, CPU I CZ OfEE Z D %
FHERCICHWD Z LI TEEYA, LHL, I 77497 AN—Ru=T bR HLT
CPU I CHRFFL CTIH< Z LILARETT,
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# 2 OpenGL D5 — X #l

OpenGL @ =N s
TFT—%8 | EvrK g
GLboolean 1 SHiR(E
GlLbyte 8 R E ERY (ZoRmEBERR)
GLubyte 8 e L ITEEHK
GLchar 8 XEFIHDOXF
GLshort 16 RE4E TERH (Z0/BERE)
GLushort 16 RFER U EREHK
GLint 32 e E TEER (ComBkR)
GLuint 32 |fFEAHULITEEK
GLinte4 64 e E TEER (ZomBER)
GLuint64 64 |FFSRRUTEEH
GLsizei 32 FEDTHEEHTRLULTAX
GLenum 32 THEEHTRULINEF
GLintptr ¥ FEfHE ERY (ZomBEkRR)
GLsizeiptr pg FEOTHEEBHTERLEYAX
GLsync ¥ RPEATV 7 DNV RIL
GLbitfield 32 Ey k71 —ILR
GLhalf 16 FEHELDEICFRFSbE NI EBE N R
GLfloat 32 | BREFEINEREK
GLclampf 32 [0, NIV ZY TENEBEZBNERE <E>
GLdouble 64 |EIREZENERE
GLclampd 64 [0, 1] 1TV T T EINIERBREZH/NESE <E>

XK MRAY% (FPRLR) ZRFIZ2DICHEGZEY MK

326 AAUNL—T

T4 RUEBAWVWTE, ZOFEETIETIC main() BBOKRBZICEEL T, I u T ARK
TLTCLEWVWET , FZT. UL RUBHLLNRITNIE T 0 7T A3 T LWL 912, while
Ko T EBRYIRLET,

® A4 >70O45 5L (main.cpp) DEE S

O while V=TT 4 RUBBHWTHWDRH, i LET, Vo v FUBRBL LN E D
2% glfwWindowShouldClose() BA%I TS Z &N TE £,

ZON—TDOHR T, &N glClear() PIMAfE > Tl ORREMAIHEL ET, ZD%, £
Z\Z OpenGL 2 kY FEOHE 21TV £, fiEA KD o725 glfwSwapBuffers() BI%k % 317 L
T, MEEZRBE LI 77—y 77 EBIEMEEZR R LTI T =Ny 772 ALK R £7,
ZOMEIFE TNy T 7)o T L nnET,

WKIZIZ, 207077 ARRICATZ T XEDHEET 572010, 2O ERTEAEALTND AN
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v hERELET, glfwWindowShouldClose() (2L 27 4 v RUEZA LD _ENE I hOHET .
ZOARY FOFEILH ESNTTORET, 4 XV FOREITIE, ~ 7 A & CTHIET 2 %56
W77 7V r—va Y7 N7 OEIE, A2 RBRET HETHRD glfwWaitEvents() B
BaERWET, 2k LT, R E &L BICHEAEORREZEHT LT =A—va v EOHREIL,
AR hDOFREEFET- 2 glfwPollEvents() BI%kz AW E 9 (3% 3).

#include <iostream>
#include <GLFW/glfw3.h>

int main()

{
// GLFW Z#HLd %
if (glfwInit() == GL_FALSE)

// FEEICRBEL 1=
std::cerr << "Can't initialize GLFW" << std::endl;
return 1;

}

/] 242 FIEERT S
GLFWwindow *const window(glfwCreateWindow(640, 480, "Hello!", NULL, NULL));
if (window == NULL)
{
/] 242 RONERTERGA ST
std::cerr << "Can't create GLFW window.
glfwTerminate();
return 1;

}
/] EBLT=714 2 F% OpenGL DLEXRHRIZT B

glfwMakeContextCurrent(window);

<< std::endl;

/] BEBEEET S
glClearColor(l.0f, 1.0f, 1.0f, 0.0f);

/] 742 FIRRAVNTVSERYIRT
while (glfwWindowShouldClose(window) == GL_FALSE)

{
/] D42 ROEHEET D
glClear(GL_COLOR_BUFFER_BIT);

//
// S THEREZITS
//

/] W=y IT7EANEBEZS
glfwSwapBuffers(window);

/] ARV EERYET
glfwWaitEvents();
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int glfwWindowShouldClose(GLFWwindow *const window)
window [ZHE LY 4 FUEZALLZMERH L L&, ROMEIZIE 0 1220 £,

void glClear(GLbitfield mask)
U4 RUEBRVIELET, mask [SIEBVIET ANy 7y EZEELET, 7L—2a Ny 77
BEENT D20 T — "y 77 DIEH, REHEELRIIME D 77 ANy 7 7 MO E 21T
VAT U UNNRy T I EOBE DNy 7 7 TR SN TEY (X 41), 26N —2D 7 4
» RDIZHEA 2> TWE$, mask (& GL_ COLOR BUFFER BIT ##FE LIzL &, HT7— 1y
7 7 121F % glClearColor() B CHE LA THVIEL 7,

HhZ7—Nv77 (BIRER)
FIZNY T 7 (BEHEZE)
2Ty T 7 (Blik=E)

41 7L —h Ny T 7 DR

void glfwSwapBuffers(GLFWwindow *const window)
window IZHEELZ Y AV RUDA T =Ny 772 ANVER T, KIEA#m L72®%IZZ DA
B FAT LU, s L2 b OITEmEICE R SNVEE A,

void glfwWaitEvents(void)
YU ADEEIREDA N POREERFFHES, ANV IREELLSL, Tzl Tr e
TILDFETEHMALET, ZOFBIEAAN L OL—TLUNTETTRETIEHY A, FF
HIRFH O KNEZ 51 EUCF CHEE T& 5 glfwWaitEventsTimeout(double sec) & ¥ £ 97,

void glfwPollEvents(void)
YUADBIEREDA N FERV L, ThaiskLET, ZORBIIT e s T AEiFikS
BRWVWOT, T=A—varOR )k L CHER S Z EHT 258 EHLET,
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#£3IAXVFOERYVHL

glewWaitEvents() glewPollEvents()
ARY NDREETZETHD (FOTITLDEIT ARVEBEELTWAE, ZRERDET,
EEIET D) IRV EBRETHIE. RTODAN XY KNOFHEKICHHDLSI, RICED (FOTZ
YhZROH LT IOV LDETZBRT %, LADRTZELELEW),

e Ny IFITDONT

Ny 7 7 T RIEER LRI, —BIC 200D —Fnb 9 —FHITfl S no s b
ROWRMCHDEE, ZOZOOMIZAS> THEOMILLEZTHHDOD I LEWVNET,
OpenGL (BT DNy 7 7id, T— X EZROUEIZH| EESTTZOICHNDLI ATV DOZ L &IFL
7, OpenGL TITIWAWARFEEHO Ny 77 A LE TR, 2T THHALTWDL Ny 7 71,
HEE L7 A2BEIZCERT DEDICHNDE T L —A Ny 77 DH T —Ny 7 7 TT,
MGIZT7 L=y Ty DT ="y T 7 ICHBISIVET, 2O T =y 77 ONERHH
HENCTHBEICERINET, 22 T7L—ARy 77 ~OfE & FAH LA RIS &, %
TICHLLDENRBELTCLENWLET, TN Ty VU I T =Ry 7 7% _OHELT
BT, —HERKRLTWDORICS 5 — 7B 2 FETY, BN ET LERRTIO S
DT —Ny 77 ANEZD (K 42) LT, BoODXORAEZMZAET,

T \ 4

o
\
=)
I
I
I
I
I
I
I
I
I
&
\

X 42 XTI 77007

HE: ARV KFIZIDWT

W L T—2D7 4 FUDRIZHOY 4 RUNREBR>TWLHEE, EOU 4 FUBKAL
LN EZITE, BSNTWETOY 4 RUDKRRNEEZREEITHLEND Y £7, 755
WRT 7V r—=ary7 b =T T, v U A2 EOBIEITIS U T LB A Rl 1T 5 8
NHOVET, ZOLIIT, BOINBEOFETOZ oNT ERDHRFEL, ARV MEWVWNET,

T LToA Xy MEXIGT 2 PR O FEATHIEICIE, BEErO 7= TNT glfwWaitEvents() BIES
glfwPollEvents() BBz MW TA X A 3 HE (R—V 7 hHRX) &, FFEDA X FR3
FELILLZICETTIEBREH N CORERL TE HiE (= Ny 7 FX) b0 £,
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3.27 #®THNE

glfwlnit() BIEIZ X 2 9HMEICEP L CWhiuE, a7 7 A& T3 %R0 glfwTerminate() B
WEFATTHHERNDH Y £7°,

® A4 >2T70O4 5L (main.cpp) DEE S

main() BIEXDE% D return LOERITIC glfwTerminate() BAZKDOMEONM L A28 L £,

#include <iostream>
#include <GLFW/glfw3.h>

int main()

// GLFW Z#HLd %
if (glfwInit() == GL_FALSE)

// FEEICRBEL 1=
std::cerr << "Can't initialize GLFW" << std::endl;
return 1;

}

/] 74 R IEERT D
GLFWwindow *const window(glfwCreateWindow(640, 480, "Hello!", NULL, NULL));
if (window == NULL)

/] D14 ROBNERTEGMN ST

std::cerr << "Can't create GLFW window.
glfwTerminate();

return 1;

}
/] EBLT=7 142 K% OpenGL DLEXRRIZT B

glfwMakeContextCurrent(window);

<< std::endl;

/] BEBEEET S
glClearColor(l.0f, 1.0f, 1.0f, 0.0f);

/] 74 FIRRANTVSERYIRT
while (glfwWindowShouldClose(window) == GL_FALSE)

{
/] D4V EROEEET S
glClear(GL_COLOR_BUFFER_BIT);

//
// CCTCHEWLEZETS
//

/] W=\ T7EANEBEZD
glfwSwapBuffers(window);

/] ARV EERYET
glfwWaitEvents();
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glfwTerminate();
}

3.2.8 atexit() [Z&k % glTerminate() MDE1T

70 7T AORKETRHZIIN T glTerminate() B Z ETTLH2H0LE R H Y T, £DH, 2D
077 5Tl main() BIELDOREZ D return SLORTOIED, glfwCreateWindow() Bt = 7 —LEE
DEZATHEITLTVET,

LorL, Z0o%7Ta 77 52 BIMLTWS &, ZNOEFTTHLT R T A%KT ST
ROV ENBRETLINVINERA, ZOEDIITR ST L0HE 2 H T glTerminate() B
BEETTL 2 L3BRICEDLET L, PO LEZEN RSV £, £Z2CT, Frs
T LOFETIREIZWT glTerminate() BIEEITEND K 51, atexit() BIEE WV E T,

® 44270455 L (main.cpp) DEE S

707 AOEET atexit() K AETEL TWDH~v ¥ 7 7 A/ cstdlib % #include L.
glfwinit() BEIELA AL L7214 C. atexit() PIEIZ K ¥ glfwTerminate() Bk A &k L £9, £72. B
(2 main() BIEICHLDIAA T2 glfwTerminate() BAZUIHIFR L 97,

#include <cstdlib>
#include <iostream>
#include <GLFW/glfw3.h>

int main()

// GLFW Z#HiLd %
if (glfwInit() == GL_FALSE)

// FEEICRBEL 1=
std::cerr << "Can't initialize GLFW" << std::endl;
return 1;

}
/] TRTSLRTHOLEEZET S

atexit(glfwTerminate);

/[l 74 FIEERT D
GLFWwindow *const window(glfwCreateWindow(640, 480, "Hello!", NULL, NULL));
if (window == NULL)

/] 742 RIODMERTELGM ST
std::cerr << "Can't create GLFW window.
return 1;

}
/] EBLT=914 2 K% OpenGL DLEXRHRIZT B

glfwMakeContextCurrent(window);

<< std::endl;

/] BEBEEET S
glClearColor(l.0f, 1.0f, 1.0f, 0.0f);
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/] 74 FIRRANTVSERYIRT
while (glfwWindowShouldClose(window) == GL_FALSE)
{
/] 74V RIEEETS
glClear(GL_COLOR_BUFFER_BIT);

//
// CCTCHEWLEZETS
//

/] D=\ T7EANEBEZD
glfwSwapBuffers(window);

/] ARV EERYET
glfwWaitEvents();
}
}

int atexit(void (*function)(void))
atexit() BIELIX. S1%X function IZHRE LA, 70/ 7 A THRIZCEIT T H L OB L £
T, atexit() B BEEIFOM LT, BEOBEBEZRERT D ENTEET (D it 32
TEHOBIKA IR TE £ 7)), £ DA BIBUIRER LD HO WA FATSNE T RV EE LT,
BB BERITAR L) LIz & & 13 0, RERL7Z L 13 0 LIS DEELZIR L £7,

3.29 GLEW O##i1t

RIEiETT, LV HXT OpenGL IZ K DB AAT I O DRENENE LIz, ZOFEFETH
OpenGL (Z X5 KJEOHENLAEETT, LarL, AFETH WD OpenGL DFERED W DT, Z
NETTIEEATERWEERH Y £,

Z X, Windows [ZBWTEEMICHE SN TS OpenGL O/X—2 5 U 1.1 THOH, K
ERRLRLE LTS OpenGL D/X—T 52 32 IZH L TRV EVWLOTHLE-OTY, £
macOS TlL, €D F F TlL OpenGL2.1 IZxf)ts L7z Compatibiliy Profile 23 241, OpenGL 3.2
LI DORERE 2 FH 2 11T /RAYIC Core Profile ([CUI D B2 2 MR H Y £4, S5, Thic
BT AT LT~ ¥ 77 AN BU VKRR DULERDH Y £7,

ZZ T, PAR—F STV OpenGL DA AL, 7T N7+ —AIZE DY —RAF
077 AOEWERINT 57202, 22T GLEW ##8EALET,

® A4 27045 L (main.cpp) DEEHR

GLEW O~ % 7 7 A4 /L GL/glewh % GLFW O~ v % 7 7 A )L GLFW/glfw3.h DT
#include L, GLFW DU 1 > FUZER L T, £ 2T ~DOHiE 2 5 E L7282, GLEW Ok %
179 glewlnit() BAEzBML £9, b, AFEOPER LTI, glewlnit() BIE 2 EITT DA
“glewExperimental = GL_TRUE;” & W5 fAAZ 7O\ & GLFW & GLEW ZflAabti &
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XD API WEMNZ2 Y FHATL,

#include <cstdlib>
#include <iostream>
#include <GL/glew.h>
#include <GLFW/glfw3.h>

int main()

{
// GLFW Z#HLd %
if (glfwInit() == GL_FALSE)

// AEEICRBEL 1=
std::cerr << "Can't initialize GLFW" << std::endl;
return 1;

}
/] TR LRTROMEBEZEERS S

atexit(glfwTerminate);

/] D4 FOEERT D
GLFWwindow *const window(glfwCreateWindow(640, 480, "Hello!", NULL, NULL));
if (window == NULL)
{
/] D14 ROBNERTEGMN ST
std::cerr << "Can't create GLFW window.
return 1;

}
/] EBLT=7 142 K% OpenGL DLEXRRIZT B

glfwMakeContextCurrent(window);

<< std::endl;

// GLEW Z#)HA1LT %

glewExperimental = GL_TRUE;

if (glewInit() != GLEW_OK)

{
// GLEW DF#IHAMEIZREL 1=
std::cerr << "Can't initialize GLEW" << std::endl;
return 1;

}

/] BEBEEET S
glClearColor(l.0f, 1.0f, 1.0f, 0.0f);

GLenum glewlnit(void)
N=FRzT7RFITANIHESN TV D HEDLLT, 77y F 7+ —ATEYAR—-FS
T2y OpenGL DIEREZ AN L, 707 T AN GIFOHE S K9 LEd, YL,
LERIZ R Sh 34X GLEW _OK (fili% 0) 2K L4, KL 0 LIS OEER L £9,

3.2.10 OpenGL M/IA—2 327077/ ILDIEE

AFETIL OpenGL3.2 IBEOHREZFEHA L TFr /7 A% ERLET, £D7H, OpenGL D
RV grR7u 77 ANVERELTY 4 v RUZERLET, 2T glfwCreateWindow() B
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BTo 4 v R aERT R1IC, glfwWindowHint() Bi%k% WV CTITW £ 9,

® A4 >T70O45 5L (main.cpp) DEE SR

int main()
{
// GLFW Z#)Hitd %
if (glfwInit() == GL_FALSE)
{
// AEEICRBEL 1=
std::cerr << "Can't initialize GLFW" << std::endl;
return 1;

}
/] TR LRTROMEBEZEERS S

atexit(glfwTerminate);

// OpenGL Version 3.2 Core Profile ##EiR3 3

glfwWindowHint (GLFW_CONTEXT VERSION MAJOR, 3);

glfwWindowHint (GLFW_CONTEXT VERSION MINOR, 2);

glfwWindowHint (GLFW_OPENGL_FORWARD COMPAT, GL_TRUE);
glfwWindowHint (GLFW_OPENGL_PROFILE, GLFW_OPENGL_CORE_PROFILE);

/] D4 FOEERT D
GLFWwindow *const window(glfwCreateWindow(640, 480, "Hello!", NULL, NULL));
if (window == NULL)
{
/] D14 ROBNERTEGMN ST
std::cerr << "Can't create GLFW window.
return 1;

}
/] EBLT=914 2 F% OpenGL DLEXRHRIZT B

glfwMakeContextCurrent(window);

<< std::endl;

// GLEW Z#)HitT %

glewExperimental = GL_TRUE;

if (glewInit() != GLEW_OK)

{
// GLEW DFIHAEIZKRE L 1=
std::cerr << "Can't initialize GLEW" << std::endl;
return 1;

}

/] BREBEEET S
glClearColor(l.0f, 1.0f, 1.0f, 0.0f);

void glfwWindowHint(int target, int hint)
Z DI glfwCreateWindow() BIEUZ K> TIERRT 5V« » FUDKMEZRELET, 77+
L N OFBREICRTITIL glfwDefaultWindowHints() #FEFOVH L 77,
target
b R ERETDOREG, UTOLDONIRETE LT (—EBZ ),
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GLFW_RED_BITS, GLFW_GREEN_BITS, GLFW_BLUE_BITS, GLFW_ALPHA_BITS
FNENH T — Ry T 7 Offfa - fgta - FH - TAT 7ICEV S THE Y Mg hint ([2H
ELET, 7740 MInTFy 8 T,

GLFW_DEPTH_BITS
TTANy 7 IZEID YK THE Y MIE hint IZHEELET, 7740 ME 24 T,

GLFW_STENCIL_BITS
AT NNy 77 IZED Y THE Yy MZ hint IZHEELET, 774/ MI 8 TY,

GLFW_SAMPLES
hint (2 /VFH U TNUREOY o TIAEERRELET, 0 ZHET DL~V ATFH o TUNE
Tl ET, T 74/ ML 0TT,

GLFW_STEREO
hint {2 GL_TRUE Zf8ETIUIAT L AE— RIZRV £3, 7 74/ MX GL_ FALSE T
. Z4% GL TRUE IZTEX 50 E I, N— R =TIKGFELET,

GLFW_CLIENT_API
hint & GLFW_OPENGL_ES_API #{5/& 3 4LiX OpenGL ES ® APl %L E7, 77
4 /LM% GLFW_OPENGL _API T,

GLFW_CONTEXT_VERSION_MAJOR
OpenGL DA Y% —/"— 3 0% 5% hint [TIRELET, N—Yarn 32 253 T
I, F74+NMT 1 T,

GLFW_CONTEXT_VERSION_MINOR
OpenGL O~ A F—_"— 3 &K =S4 hint IZIEELET, A=V a i 32 25X 2 T
I, F74+NMT 1 T,

GLFW_OPENGL_FORWARD_COMPAT
OpenGL @ Forward Compatible Profile (Fii 5 A#L 7' 1 7 7 A L. I OEEREDME 2 72\ ) Zfif
2 %A 1%, hint (2 GL_ TRUE Z#4/E L %9, 77 4/L hE GL FALSE T,

GLFW_OPENGL_PROFILE
7% OpenGL O 717 7 A V%A EE L £ 9, Compatible Profile Zf 5 %55 1% hint (2
GLFW_OPENGL COMPAT PROFILE ., Core Profile % ff 95 # & IX  hint (Z
GLFW_OPENGL _CORE PROFILE Zf8ELEJ, T 74/ ML 0 T, ZOHARIET AT
LB EAAF L ET,

TT7 47 AN— R TN glfwWindowHint() BIE CTHE L 72 8EIC KRS L TR FuiE,
Z D% D glfwCreateWindow() BAEDEATIZRIAL TY 4 » FUIEBAMNLE R A,
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32M L=V 14V FIITHT HHRE

— ., ER L= 4 > ROk 23% €L, glfwCreateWindow() BASIZ LD 7 1 > N U DAERK
W L7282 12TV E T, 2 2 Tld glfwSwaplnterval() BI#IC K > T, ¥ 7y 757 1 o 7IC
BIFOINYTZ7DANEZ A I THRELET,

® A4 >T70O4 5L (main.cpp) DEE S

// GLEW Z#)HitT %

glewExperimental = GL_TRUE;

if (glewInit() != GLEW_OK)

{
// GLEW DFIHAEIZKRE L 1=
std::cerr << "Can't initialize GLEW" << std::endl;
return 1;

}

/] BEERBDLA I VT ERFD
glfwSwapInterval(l);

/] BEBEEET S
glClearColor(l.0f, 1.0f, 1.0f, 0.0f);

BYLT)ILTOY 5L step0

void glfwSwaplnterval(int interval)
BTNy T7 V7B T D, BT—Ny T 7DANNEADIA IV TEEELET,
interval
D7p< &b interval IZHEE LTCEETIZ T T 4 A7 VA OBEFRMZ A I 27 (V-Sync, Jifit
HEHIRE) 2o Thb, BT7—"y 77D ANEZEZITVWET, Tlix 1 Z2fELET,
0 ZHETDHET A AT VA DOEERIM Y A I 75272 b0, O LTI fps
(frame per second) 7% L5 L E 308, SERRERERERBITONLDITTIEH Y A,

3.3 AT SLDOEI KEETT

VAT T T Ear ANV L TCE TVl v T a T T LB ERL, Vo2t 7o
IR Tl T ARERTAT TV ERAE L TEIT I 0l 7 2524 MT 5 HOEXEENLRE
VWWET, ZHEfEiEA eSS A ThIT 2N T avwy REAWTETTA LN TE

N, TS T ANEMICRLEar M T avy RETTEL RT5DXFRB 00 F
T, £ T, MARRBERES make 2~ R EOMBN R FELZHNTEL FLET,

3.3.1 Windows
Visual Studio Community 2017 TE/L KT 5I21E, TEALVR] A=a—06 [V a—T a0
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ELR] ZRATLEESY (M 43), ZOFD [“Fuad=z7 M” OELR] ThHEWERE A,

43 Visual Studio Community 2017 (2 X572 77 ADEN R

T T T AOFTIE, TRy T A =ma—] O [Ty 7RG 2880, 7707 arF—
D F5 ZF AT LTLKEEN, V=N —IlhHd [FEOARME =fr| 27Uy 7 LTbT Ny
TEITERBLES, Y—AT BT TLADEER, EALNETICTR ST LEFITLIELE &I
FIZEN REETLET,

B, VU a—a URERD TDebug) @& & BV RIFIZ TLINK : warning LNK4098: defaultlib
'MSVCRT' (X100 T A 77 U O & Hida L T\E 9, INODEFAULTLIB:library % {H L C<
SV EWHIEENHLZENHY T, 2T 2 TIHEMRL T ZIV, GLFW & GLEW
EEAFTI v VTR ZoBEEIHTE T,

3.3.2 macOS

Xcode TiE, ZLDEBENEAERE =fArz 7 Uy 7 dE 7077 L5DENLFLEFETERHT T
ITWET (M 44), Command ¥ —%#M LR35 R OF —%2Z A 7L THEMETT,

44 Xcode IZEB 70T ADEN K EET

av U RI7A4 L TEALRTDHEAIE, o+ 22 RIZ -std=c++11 -lusr/local/include -
L/usr/local/lib -1glfw3 -IGLEW -framework OpenGL -framework CoreVideo -framework IOKit -framework
Cocoa A7+ aZBIMLTLKEEN, § Fraroryar 7 vaRLET,

$ c++ main.cpp -g -Wall -std=c++11 -I/usr/local/include -L/usr/local/lib -1glfw3 ¥
-1GLEW -framework OpenGL -framework CoreVideo -framework IOKit -framework Cocoa
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XTNICRI|BE S DT, Makefile Z1E> T make o~ REFETTH5ONEFRHEEBVES,
Makefile ZHE L TWivlX, make 2~ REFEITIT 57217 TI,

|$ make

3.3.3 Linux

Geany DAL, TENLV K] A=a—0 BV R Z2RATIIEIW (K 45), e REniz7
077 AEFATTHITE, B TEALR] A=a—0 [H7)] Z2BATEIN, ZObIEEN
ENTrrrvar¥—nF) & F5 THFEITTEET, £/, V= A= LRIZHHIET HRH
YIRHYET,

X 45 Geany IZ L5707 LDEN KL ELT

av L R34 TEL RTEHEIE, o+ 3< 2 FIZ -std=ct++11 -lglfw3 -IGLEW -IGL -IXrandr
-1Xinerama -1Xcursor -1Xi -1IXxf86vm -1X11 -Ipthread -Irt -Im -1dl 47> a2 > ZBML T ZEW, §
= FarF  NeRLET,

$ c++ main.cpp -g -Wall -std=c++11 -1glfw3 -1GLEW -1GL -1Xrandr -1Xinerama ¥
-1Xcursor -1Xi -1Xxf86vm -1X11 -lpthread -1rt -1m -1dl

BT, Makefile % {F>T make =~ F&MAT 5 2 L 280 £ 7, Makefile ZH#E LT
WALIX, make =~ FEFETTHETTI,

|$ make

51




® ERITHR

46 BAVVZ U 4 > KT (macOS DHFA)
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$4E JOJSIXITNLYV—4

4.1 EBROER

OpenGL ([ZHEWTHIE T 2B DT — 2 1%, #3 D a % A

-
N —

DIER D, frESLER LD
T, ZOFWRE D LI O EE _FTOAT

BB aIRE L Bz E £9 (1K 47),

I

BER

MET—% (Bm7T—%)

BRT—5 (BRT—75)

X 47 EBOERK

BAZ X 3R TR Sz 7 — % & U CllaE BIcHiohE 3, il THROFR S HE
ROBFHRA~OEBNHEN VI £9, ZORHEEZZZFEREH L WVIETAEZ T4 X L0,
ZDEDDON—=RY =T #Z3RZFTAFLNNET, V774 v I AN—Ru =T IZLHHED
HiENL, 207 A EZ TS AT, UTO=Z2DFEIZ L > TIThIvET (X 48),

B, ZOX VB EEEDOAT =Y OB 20T, FAT—UNRT — X ZEE

DI LMBEOIEDZ L%, A T4 NBL NN ET, 2, ZOXKEHBE OO DA T
TA VLY, LB TR TS50 nET,

() TESOEEETOMNBEZRET D (THALE)
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2) TESONEEREORE LY b L ICHEBEOEFREART D (T A X LALE)
3) HEFEOOEIIE L CHEBE AT D (HFELE)

T —% JERALIE R T {LILE e UEES ERT —%

gl Position

\\\\\\

EAX

AR SN
vr—% TJL—LI\vT 7

IE=VANY A vr—%

X 48 LU F YU TR TTAL Y

ZOTESAFESCHF LT, o TUIkE o7 (BEETE W) UEEFEITTHZNN—RFRu =T
WZEoTITONTWE LTz, ZHIEEEHEY = — X IR ET, £ LT T 7 4 v 7 ARR
DEBIZH T HERNBEZHET DICo0, ZO— Ko =7 b 2HRE b L, EEGHRRE & #53
T 57 CPU IZIEHT 2BMS 2RO L IRV EL, 202D, ZOXIRT T T 4
v 7 Asn— K7 = 7% GPU (Graphics Processing Unit) &FEXINLD K 912720 F Lz,

LL, ZTDTT7 4y 7 ARBOMEISHT HERIZITERPH Y FEANG, 2OV ED
O EDIZH L TA— R = TICTHEEBEZEML TS LE S E LTHRARH Y 4, 22T, 2
DIERAAE & WFRUHDON— R =7 27077 AFRRIZL T, #iEx 717 7 ATk FEHET
I TroEnEZLNELE, e TRydST I z—FLEnn, Zo7e s I3

WA TR I IV EHE VI —TAVIEBLEVVET,

OpenGL T T& 5 =—F 4 > 7 ZFEICIX, OpenGL HKDKEEETH 5 GLSL (OpenGL
Shading Language) ®1%7>, NVIDIA 723Bf% L7z Cg (C for Graphics) 2% YV £9°, F£7-. DirectX
ClX HLSL (High Level Shading Language) & \\\9 v =—7 4 V7 SiE0MEHTEE3, 7k, Cg
I¥ DirectX THHEHTEET, AETHE Y =—T 4/ S7EE LT GLSL Z2ffH L £,

TSIy =%, BENOPDY = —F 2lAAbE TR SN £ 9, OpenGL
OYE, HRWBEHY T E 02 N—T Y IRz —F L0, BRELEEZHYT 0% T
FTAV R =L ET, B, THIROHEMAER THY . ZA60ENTHN<D
NORILDEREEFF OV = — X A DRELILENRH Y £7,
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42 x—A7O0595 LA

421 x—477055LOERFIE
GLSL Oy =—% 7 a7 7 LAEFHTHFIAX, ROX DT F7,

(4) glCreateProgram() BA¥IC L > TCTF v s 7 47V =7 FEERRLET,

(5) glCreateShader() BAEIZC K o TN —=TFT v 7 AV ==X LT F T A Mz —H DY = —H
FTV 2y NEERRLET,

(6) glShaderSource() BAEIC L » T, fELI=ZENENDY = —F ATV =7 MIRLTY —
AT T T BEGiIrARrE T,

(7) glCompileShader() BIEIZ K o TRRARAATIEY — AT 0 7T Lk a A LET,

(8) glAttachShader() BI¥%IC L > TFu /T LA TV =/ NIy ==X AT V=7 b EMAIA
HET

(9) glLinkProgram() Bl k> Co v/ o a4 7V =7 "2 7 LET,

PEDOMBEIZE Y v == DT 0l T 54 TV FIMERENET NG, XIEZ /3 2 A
\Z glUseProgram() B#&#FEITL T, MFOHEIZZ DY =—X a7 T &5 LI LET,

422 Yx—H0Y—RIOTI LA
0 N—TFTYIRLI—HFDOY—RTOYF L pointvert

N=T I A 2= DY —=ATRTTHELT, ZITRROLOEZAVET, Z0o7r”
T AE ANSNIERBT =2 D0 LSO ESOIEMAICKH LTETSNET,

#version 150 core
in vec4 position;
void main()
{
gl Position = position;

}

ZD 14TH® #version DFTIX, HHT 2 GLSL O/ X— 3 > &FEE L EJ, 150 | OpenGL
32 ® GLSL ODNX—2 3 Thd 1.5 #F L, core I CoreProfile THHZ L aRLET,
2ATHIR, Vo H Y TR T T DRIDAT =V NI Dy ==X 70 s T MNIELNLTZ
T—AEZITMD in B A position EWIHIEHATES L TVWET, AN=T v T AL =2 —HFD
in 221X, CPU Ok LNERET — X2 O—2DEADT = PEMENET, ZOHEED
F—X ZTERBRMY (attribute) & W, 2D in A& FFIC attribute ZTEE WV ET,
vw4ﬁ:@%ﬁ@?~&@ﬁ3%nﬁ@m@ﬁﬂ(MMﬁ%a»4gﬁ®?~&m6&5N7
MBITHDZ EamLET, X7 MVENZIE, ZO1FNT 2 BEOD vec2, 3 EHROD vecd ¥
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HVET, X7 MOKREFRIL, C SEOMEREFRIC Ny MEEF < 2 AW TEHRL 0%
W {Xy.zwi {s.4.pq) ®DWE {r,.g b a} Z2F52 LIk, 2HROMRAZITH
TENTEET (F 4,

# 4 GLSL OF—x#l

THOT—5 8 AR Ry NIBIOES
float BEEZE/IESE 1 @ X .y .z .w
vec2 BREEFE/INES 2 g .b.a
vec3 BREETE S 3 8 . 't 'p 'q
veca BEEFE/NESR 4 {8 o

INRA
vecd pv; vecd BOZTHES
pv.xy pv OF1,2EHR, vec2 B
pv.rgb pv D%1,2,38%K, vecs B
pv.q pv DEAER, float B
pv.yx pv DFE1L2ERDIEFZANBEZHD, vec2 B
pv.brg pv DF1,2,3FHR%3,1,20IBICIHEREZ, vec3 B

Vx—XT7u 7 AT C X CH FiElAEE main() B DETERMBLET, 2EL, V=
—X 7077 50O main() BT, BIBERLTHERTILLHD EHA, LI -> T, B
DEFHIT void main() T2 5,

THABMEE CPU 22b—H GPU NWERTL2TERNYI7A T FEMEIND AE VITH
MLET, D% CPU MolEEdGT (FE—a—JL) 25L&, GPU FHANYy 77 A7 V=
7 R DHTEA Z LICTHSBYEZ B LT attribute ZEEUCHKM L, N—T v 7 Ay 2—FZ D7 1
77 L EETLET,

gl_Position |X GLSL D#AIALER T, ZOERITRANLIAER A T T4 L DIROD AT —
JICELNET, XTI AT ==X IS TZOEKIEERA LR TIERY A, 20
7' 77 NTIL attribute 2548 position & D FE FE gl Position [ZIRALTWETND, KEOH
EICHESNETHABEA2ZDEEROAT—Y (ZZTIETAZITA W) 12k £,

@ JSHAVNI—HADY—RTAY S L point.frag

TITRA N 2—=E DY —=AT a7 T h0FE, WOLOERHWET, Zo7al T KNI
TAEBEOOE SOEOOEFICH L TETINE T,

#version 150 core
out vec4 fragment;
void main()

{
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fragment = vec4(1.0, 0.0, 0.0, 1.0);
}

DO 2ATHIX. 777 A bOBOHIIED out B E fragment &) AL TES LT
F9. out BEICHRALLT —XIZ, Ly F VT T T4V DROAT —VICELNET,
TITA MY =—HD out BHITRALTMEIZ, 7L =2y T 7D T =y 7 7 [THEMNS
nET,

vecd() (ZUODOIMEE vecd BUITEH: (v A ) LET, HAIEE fragment [JIZEAEFET R
(). G(FE). B(EH). BLO ACRZEHE) O 4 HEORZ MLERALET, b L7 L—Aan
Y 7 PIMEZ RN LR (R Z R0 b, 777 A0 by =—# T discard finy & FEAT
LET,

423 TATILATOY FOERK

Vr—HDY—=AT 0T L% GPU TETT DI, Zhbrxar AL )7 1L7T, ¥
== HDOTRSTRFT V= MEAERT BB DY £, £F, glCreateProgram() BI%T%E
DTy T LA TV = b (program) EAERK L £ T,

| const GLuint program(glCreateProgram());

GLuint glCreateProgram(void)
TR ITAFTV e FEERLET, ROMEIIIERESN T 0 I 03TV M (F)
T, AERTENIE 0 TRWIEDREE, fERlRTE 2T 0 Z2IBRLET,

424 x—FFATxH FOERK

WIZ, Y2—=FDY—=AT T T hEar ALV LT, Yo—FF 7V FEERLET,
ZITEN=T I Ay == F%PIHILET, 7797 A b= F DY == EF TV
Mo, [ CFIETESLET,

ETY AT 0T T AOETELFINTL T, WO LS ITEINTHEMLET, 20 1 THD
#version DITD L DT, 1THEN % OITOITRICIE ¥ BMLETT,

static const GLchar *vsrc[] =
{
"#version 150 core¥n",
"in vec4 position;",
"void main()",
{"
" gl Position = position;",
"}
}s

ZLTCUTFOFEICLY, Y—AT 0T TEANLY=2—FAT V7 b (vobj) ZIERKLET,
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sizeof vsre / sizeof vsrc[0] (2 & U BLHIZEHL vsre DEFZE (ITH) ZROTWET, 72, ZTHigA
—T VI AV 2= DFETY, 777 AV "N o= A Dy =—FF TV s NeAERT D56

¥, GL_VERTEX SHADER % GL _FRAGMENT SHADER (ZE X #ix F7,

const GLuint vobj(glCreateShader(GL_VERTEX_SHADER));
glShaderSource(vobj, sizeof vsrc / sizeof vsrc[@], vsrc, NULL);

glCompileShader(vobj);
Ve —HDY—AT 0T T ARE—OLFEYR L THE 1 L LT ZOXFEIIORA X E

AN LT DORA 22 RNET, 72770, ZOEXFOBESITEITOITRIC W' 2 AN

L. T A=V OITERSNREND 2 IZR>TLEVET,

static const GLchar *vsrc =
"#version 150 core¥n"
"in vec4 position;¥n"
"void main()¥n"
lI{¥_nll
" gl Position = position;¥n"
"}¥n";

ZOHBEITRO LI L TY =R T 0 7T LD FINEGFHIAFFET,

—

const GLuint vobj(glCreateShader(GL_VERTEX_SHADER));
glShaderSource(vsrc, 1, &vsrc, NULL);
glCompileShader(vobj);

GLuint glCreateShader(GLenum shaderType)
V= HF TV PEAERLET, RVEIMER SNy == F TV =7 MM () T

FERRTENIZ 0 TRVIEDER, fERTE 2T 0 2R LET,

shaderType
T 2 ==X OBBEEZIEELET, N—T v/ AV =2—F Dy == ¥4 TV =7 bk

7 5%E 1% GL_VERTEX SHADER, 77 7 A "y =— XDy =— X X7V NafE
9 5% 61E GL_ FRAGMENT SHADER %#fRE L 7,

void glShaderSource(GLuint shader, GLsizei count, const GLchar **string, const GLint *length)
Ve H DY AT 0T T L EGRIPABET,

shader
glCreateShader() FIO RV EL LBy =—FF 7V =7 M,

count
S1% string (ZHEE L7 Bl O BRI,

string
V= HFDY =270 T LAOIFINORS, ATHA H OTOTRICIT ¥ BBETT,
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length
514 length #% NULL (0) T7ZaiFAUiE, length O EFEIZI string DO xbh&sd 5 3D LFH|
DEX (LT #MLET, £/, 2O length DERIZEDEEZKMN LT L XL, string
DRIES 2 IR DL FHNOREIGA XL ILF () (2R > TWDHRERDH Y £7,

void glCompileShader(GLuint shader)
V= HF TV MIGRPIAENTZY — AT 7 A NV Ea L NNV LET,
shader

AV NNANT B 2—HFT =T N,

V=ADDY== ATO T T EDANNA NI LT b, FEnE TS T ATV M
FAABRET, T T T hF TVl MCHBIALTE Y 2—=F 47 =7 MI, 1ZNEIHT
NRTNIEL O ARELDOT, ZZTHIR~— 27 %227 THBXE7,

glAttachShader(program, vobj);
glDeleteShader(vobj);

void glAttachShader(GLuint program, GLuint shader)
TR TGEF TV N 2= ATV =7 NEMBIABRET,
program
V= HF TVl NEMBPIALT 0 ST AA TV s MM,
shader

MAIAT Y == H ATV =7 MM,

void glDetachShader(GLuint program, GLuint shader)
T TTAF T My 2= ATV FERVALET,
program
V= HFF TVl FEMVHNT TR ST LA TV M,
shader

WO == F TV N,

void glDeleteShader(GLuint shader)
Vx— XA TV NMIHIR~Y— 7 2T ET,
shader

HIfR~—2 250 ==X 47V =7 M,

void glDeleteProgram(GLuint program)
T T AFTY s MR~ — 7 2T ET
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program

HIbR~—2 23570 7T 64TV N,

glDeleteShader() B CHIR~— 72 2 1F 1y =— 44TV =7 NI XDV ==L 4TV =7
MRETOTa T L5472 =7 Fhve glDetachShader() B L - THY A7z & & I(2HI
PrENET, F7 v I 24707 MRHIRIND & EI2IE, ZRUCHAAEN TSV =
— XA TV MNIBEICBROAINET, LER- T, Hilg~v—2 B3 ff0 oy = —F 4
TVl ME, ENEMBIAALTE T T T AF TV 2 RRETHIBREN TR THIBRES N E T,

Ta T AAT Y2y MIHIBR~—2 Z481F 512X, glDeleteProgram() BA%z v E 3, HIBR
v~ EMNF TR ST ATV NI, EoL A ) v arTx A M THEH IR
Sl & FITHIBRENE T,

425 TOGSLATSzo D)UY

T TAEAF TV MBI 2= F TVl NefBANTE S, Ta T hE TV
DY T BATNET, TORNC, MIEOHBAONEZZ TS attribute 25 (£ 8B4
position) DIFAT (index) &, 7T/ AV by ==X LM NT DT — X BT L8 (B4
fragment) O /156 (colorNumber) ZfEE L THBE 4, ZnbixnTnd 0 ML LK T,

CPU fllo7 v 7 Z A& GPU Oy = —X 7077 AOBOT =2 O FELILZ, 2089
RESHENLTUTVET, 2L GPU DAN—FR T =T DLV RAZFZITHY LET,

glBindAttribLocation(program, 0, "position");
glBindFragDatalLocation(program, 0, "fragment");
glLinkProgram(program);

void gIBindAttribLocation(GLuint program, GLuint index, const GLchar *name)

N—=T v J AL ==X O attribute BEOYFT (FEF) #HEELET, attribute ZEIENN—7 »

JAV=2—=H DY —=AT 077 L5NTHE in BEELTESESNET,

program
attribute ZE DL AL 0 7T LF TV =7 MM,

index
513 name |ZFEE L72 attribute 2O H A4, 0 LLEOBETHRELET, 7 74/ F Tl
0 MREINTWET,

name

N—TF I AL =2—H DY =271 75 500 attribute 28D ZEH L D LFH,

void glBindFragDatalocation(GLuint program, GLuint colorNumber, const char *name)

TIGTRA N 2—F DY —ATFa 7T 50D out BRI T — Ry 7 7 ZE0 YK TES,
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program
7T 7 A FOWIER (out ) OHEFTRLT 0T T AFT V=T M,
index
5134 name (ZHRE L72 out BEOLET (F5) . 0 ULOBKETHRELET, 7744 F
T 0 BBRESNTVET, 0 FEED T L —L RNy T 7DD T—R_y 77 &R LET,
name

TGRS N 2= DY —AT 7T APO out BEDELL D SLEH,

void glLinkProgram(GLuint program)
program [ZIEE LT 0 VI LA TV bEY 7 LET, ZRBEITIIX, =2 —FT
17T LRER L ET,
program

Voo 35670l T 8Ty M,
426 TAVISLATOxY bEERTEFHE
LLEDFNEE, RO X 51T createProgram() &5 BIBBIHUIC F L D E T,
® A4 >T70O4 5L (main.cpp) DEE S

createProgram() %, main.cpp @ main() BB EVAEICER L E T, VY —A 71 7T ADOLFF|
N NULL O & X, vx—F AT V=7 NEER L2V E I ICLET,

#include <cstdlib>
#include <iostream>
#include <GL/glew.h>
#include <GLFW/glfw3.h>

/] TRAYTSLATOy bEERT D

/] vsrc: N"—FT VORI —FDY—RATAT S LDOXFES

/] fsrc: DSTAV T —FDOY—RTAY S LOXFS
GLuint createProgram(const char *vsrc, const char *fsrc)

{
/] BOTOAYGSLATSzy bEERT D

const GLuint program(glCreateProgram());

if (vsrc != NULL)

{
/] N—=TFT9IR =D =BTy bEERT S
const GLuint vobj(glCreateShader(GL_VERTEX_SHADER));
glShaderSource(vobj, 1, &vsrc, NULL);
glCompileShader(vobj);

[/ N=T9IRT—FDIx—FA TPy bETATSLATO ) MHARAD

glAttachShader(program, vobj);
glDeleteShader(vobj);
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if (fsrc != NULL)

{
/] PSTAD =D c—FF T bEERT S
const GLuint fobj(glCreateShader(GL_FRAGMENT_SHADER));
glShaderSource(fobj, 1, &fsrc, NULL);
glCompileShader(fobj);

/] PSTAD Mo —EDOz—FF TPz H b ETRITS LA T MlHAT
glAttachShader(program, fobj);
glDeleteShader(fobj);

}

/] TATSLATSzo rE2YUHT S
glBindAttribLocation(program, 0, "position");
glBindFragDatalLocation(program, 0, "fragment");
glLinkProgram(program);

// B L2095 L4TOy FERT
return program;

}

427 x—H7055LDOEA

BATE OF ] 21T 5 A2, glUseProgram() B CHEHT 567 0w/ 7 047V =27 MEEELET,

glUseProgram(program);

void glUseProgram(GLuint program)
BIEOREN AN 70 7T 07V =7 PaiEELET,
program
PIEOWMEAEN T 2707 547V =7 b, 0 ZBET DL, EOT0 T T LFTY
=7 PSR £,

® A4 >T70O4 5L (main.cpp) DEER

main() B TIZ, XR—T v I A 2= F LT T T AL M ==L DENETNDY —AT 0l
LADOXFHNEHE L, GLEW Ot E1T > 72112 createProgram() (T L £7, £ L T
OB Z4T 9 RN, ZOBBORVEE LR r s 7 547 Y22 MMk glUseProgram() B
BOSIBIHEELT, 20Ov=—X7 s 7 AOMFRZRBLET,

int main()
(HRE)

// GLEW Z#IH#i1LT %
glewExperimental = GL_TRUE;
if (glewInit() != GLEW_OK)
{

// GLEW DFIEAEIZKBER L=
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std::cerr << "Can't initialize GLEW" << std::endl;

return 1;

}

/] BEBEEET S
glClearColor(l.0f, 1.0f, 1.0f, 0.0f);

/] N—=TIIRVT—FDY—RTAT S LA
static const GLchar vsrc[] =

"#version 150 core¥n"

"in vec4 position;¥n"

"void main()¥n"

II{¥nII

" gl Position = position;¥n"

"}¥n";

/] 230 A b z—EOYV—RTRTS LA
static const GLchar fsrc[] =

"#version 150 core¥n"

"out vec4 fragment;¥n"

"void main()¥n"

II{¥nII

" fragment = vec4(l1.0, 0.0, 0.0, 1.0);¥n"

"}¥n";

[/ TRAGSLATSy FEERT S

const GLuint program(createProgram(vsrc, fsrc));

/] 242 RIRRANTWARERBRYRY

while (glfwWindowShouldClose(window) == GL_FALSE)

{
/] D4V EROEEET S
glClear(GL_COLOR_BUFFER_BIT);

/] =470 Y5 5 LOFERARE

glUseProgram(program);
//

// SCTHEREZTS
//

/] W=\ T7EANEBEZD
glfwSwapBuffers(window);

/] ARV EERYET
glfwWaitEvents();

# % glUseProgram() B Z XT3 HLE

BYT)ITO5 5L step02

glUseProgram(program); (%, i3 25> = —X¥ 70/ J AR—2 Ln7iF v, while L—7"0
ANCES 2N TEET, V==X 7077 Azfilifta Ol X TES AT, 20
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while L—7"OHIZENTLSIZIWN, ok, Y =—X 707 7 ARREIZ/IUL glUseProgram(0);
EFETLETH, v=—F 7077 530 R L THEVEEA,

428 ITI73—F*AvytE—YDRT

CIFETH Y= FDa L A AR DL EIITT—F 2w 7 B{To TWERHATL,
GLSL Wz Eb 7/ I I 7 EiEROT, EXMEZNIZ T —NEELET, ZORF, =
T—=Avb—=URbnLRT U, BEWERSTLZENHLLI 2D 7,

® A4 >T70O45 5L (main.cpp) DEE SR

% 2T glGetShaderiv() BB Zflio Ta s A NVEDOTT =2 F =y 7 L =T —=MRRELTWH
MIE glGetShaderlnfoLog() TR ZZMV LT =7 — A v — V2R FT BB EIER L 7,
B %4 1 printShaderInfoLog() & L& ¥4, ZOMBORVEIZ, =7 —»N%AE LA THIE
GL _TRUE, %49 4ui¥ GL FALSE IZLE7,

BB, ZOBEBTIE CH+ DEET T L — T4 77 VICEEND vector ZEHI L T2 D
T, main.cpp D'FIHAT vector % #include L FET,

#include <cstdlib>
#include <iostream>
#include <vector>
#include <GL/glew.h>
#include <GLFW/glfw3.h>

/] VT —BFTozH rDaAVNAIERERTT S
// shader: YT —45#ATTxH L4
[/ str: AVNNAINIS—HRELIEMETRTXFS
GLboolean printShaderInfolLog(GLuint shader, const char *str)
{

/] AN IEEREZRIFT S

GLint status;

glGetShaderiv(shader, GL_COMPILE_STATUS, &status);

if (status == GL_FALSE) std::cerr << "Compile Error in

<< str << std::endl;

[/ Pz—FDAVNRAILEFEOATDOREIEZNET S
GLsizei bufSize;
glGetShaderiv(shader, GL_INFO_LOG_LENGTH , &bufSize);

if (bufSize > 1)
{
/] Pz—FDAVIA ORI DABERET S
std: :vector<GLchar> infolLog(bufSize);
GLsizei length;
glGetShaderInfolLog(shader, bufSize, &length, &infolLog[0]);
std::cerr << &infolLog[@] << std::endl;

}

return static_cast<GLboolean>(status);

}
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void glGetShaderiv(GLuint shader, GLenum pname, GLint *params)
Vr—HF TV hOBRERY HLET,
shader
HHREDRO HFT > =—FF T K,
pname
Vx—HAT V=7 FLIRY T HEROMEE, UTOLOREETE 7,
GL_SHADER_TYPE
shader IZFfRE Loy =—F AT V=27 DY =—F O (GL_VERTEX SHADER,
GL_FRAGMENT SHADER) % #f-~XT *params (ZA&HH L £,
GL_DELETE_STATUS
shader |ZHRE LT2v = — 447V =7 T glDeleteShader() B%%iz & » CTHIBR~— 27 23+
FHNTWDEE S NEFST, HIFR~—27 RO TWiuiX GL_TRUE, DWW TWiifi
¥ GL _FALSE % *params |ZF&MH L E£7°,
GL_COMPILE_STATUS
shader IZfRE LTy = — X ATV 27 FOIALINANARKI LT E I EFHRT, K
L CTWill¥ GL_TRUE, KELL T\ iviE GL FALSE % *params (ZA&HH L £ 7,
GL_INFO_LOG_LENGTH
shader |CFHEE L2y =—F 47V 27 bOar A VR EnZn 7oE S &~
T *params ([ZASHH L E3, 2 7B 200100FX 0 2L 9,
GL_SHADER_SOURCE_LENGTH
shader IZHEE LY = —F AT V27 bOY—AT 07T LAORI&E{H~T *params (T
LET, Y—AT R T T LRRTNE 0 ZHMLET,
params

H vt U721 OR8N 5E,

void glGetShaderinfoLog(GLuint shader, GLsizei maxLength, GLsizei *length, GLchar *infoLog)
Ve HEA TV hOar A ROr AR HLET,

shader
R EROHT = —F AT =0 b,

maxLength
By e 7ok KOR S, 518 infoLog IZHRET 20 7 ORMEORE S, 2LV /A
S<RTFNIERY TR A,

length
Wy HLer 7 OEBEOR S O,
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infoLog
Y H Lizcm 7 o,

[AERIZ, U 7 OFRIZIE glGetProgramiv() #fi> T —D¥EEZF v 7 L, =T —N¥4E
L TWiud glGetShaderlnfoLog() TR ZZMV LT, =7 —A v b=V 2R RLET,

BB, VPRI L THUIER SNy 2 —F DT s T AT Vs NIRETTE VS
N0 £, Z T A LTI D EIC glValidateProgram() & fif > THEITARENE 5 M EFRT
glGetProgramiv() THIET H T LN TEETH, T I TIEEOLBITEME L £,

/] TATSLATOcI b U OHERERTT S
// program: JAJS LA T Y b4
GLboolean printProgramInfolLog(GLuint program)
{
/[l VU ORBRERRITT S
GLint status;
glGetProgramiv(program, GL_LINK _STATUS, &status);
if (status == GL_FALSE) std::cerr << "Link Error." << std::endl;

/] I—=FDYVEOBTOREERET S
GLsizei bufSize;
glGetProgramiv(program, GL_INFO_LOG_LENGTH, &bufSize);

if (bufSize > 1)
{
/] z—FDI)V ORI OABRERET S
std: :vector<GLchar> infolLog(bufSize);
GLsizei length;
glGetProgramInfolLog(program, bufSize, &length, &infolLog[0]);
std::cerr << &infolLog[@] << std::endl;

}

return static_cast<GLboolean>(status);

}

void glGetProgramiv(GLuint program, GLenum pname, GLint *params)
TR AFTV e FOFREIRY L ET,
program
HFHREMY T T 7764720 b,
pname
Tl AF TV oW I EROEE, UTObONEETEET, Zhb st
CHHY ETN, ZITEHELET,
GL_DELETE_STATUS
program ([ZIEE L7270/ T A4 7 V=7 T glDeleteProgram() BA%kiZ & - THIBR~ —
IRT BN TWDNE I NEFHRT, HlI~—27 220 ThiiE GL_TRUE, DWW T
7207 X GL_FALSE % *params (&AL £ 9,
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GL_LINK_STATUS
program (ZIRE LT R VT AL T2 OV T BRI LTI2hE 9 0 EFR< T, il
L CWiliE GL_TRUE, KELL T\ iviX GL FALSE % *params (ZH&HH L £ 7,

GL_VALIDATE_STATUS
program |[ZHRE L7707 T LA TV = 7 MIxtd 5 glvalidateProgram() B4 L 5 %
AEAE S % | *params (ZFSHN L £ 97, *params (21X 0 7T A AT T =7 MRBIED OpenGL
OARBETHEAITAIHE/L © GL_TRUE, FEITTE/2F4E GL_FALSE IS E 7,

GL_INFO_LOG_LENGTH
program (ZIEE LT 0T TAF TV 2 OV I RHZAER SN r 7 ORI T T
*params (TR LE3, = 7B RTIE 0 2L ET,

GL_ATTACHED_SHADERS
program (ZIRE LT 0 VT AF TV 2 MIMBIAEFNTNDL Y ==X ATV =7 MO
B i~ C *params ([T L E7,

params

My U721 ook,

void glValidateProgram(GLuint program)
Ty T LA TV NHRBED OpenGL OIREETHEITAIEENE O A MEEL £9, fERIX
glGetProgramiv() BI#%™ 5[4 pname (Z GL_VALIDATE STATUS Zf8E L CHY HL 7,
program
BEEST 270 7o hF 737 b,

void glGetPrograminfoLog(GLuint program, GLsizei maxLength, GLsizei *length, GLchar
*infoLog)
Vx—HF TV bR NAROR TR B LET,
program
n RO HT T T LT T b,

maxLength

o4 e 7ok KOS, 513 infoLog I[ZHE LIZEMEDKE S ZBA TR 8 A,
length

Y Lier Z7OEEOR S (infoLog IZHM IR Z) O,
infoLog

a7 O, BRSO K E X 135158 maxLength KV b K& < 203720 8 A,

createProgram() BIEICIWT, = — X DI U NNANWVEKRDO Y =—XFT7 V=7 MIXFLT
printShaderInfoLog() #f > C=F7—%F=v 7 LET, LV I EKLOT O T T AL T V=)
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MZ%F LT printProgramInfoLog() #fi-T=7—%F=-zv 7 LE7d, b LU ZIZKRKL T
WXER L7270l o647 FEHIBRL, 0 KL E7,

/] TRAGSLFTOzH FEERT S

/] vsrc: N—FYHIRVI—EDY—RATATS5LDOXES

/] fsrc: TS AVRYI—EDY—RATAT S5 LDOXES
GLuint createProgram(const char *vsrc, const char *fsrc)

{
/[l BEOTATSLF TSy FEERT D

const GLuint program(glCreateProgram());

if (vsrc != NULL)

{
/] N—F VORI —EDI—FA T FEERT S
const GLuint vobj(glCreateShader(GL_VERTEX_SHADER));
glShaderSource(vobj, 1, &vsrc, NULL);
glCompileShader(vobj);

/] N—=TVIRVT—EDI—F3FTxH b #TATSLATO Y MZHEAFRADT
if (printShaderInfolLog(vobj, "vertex shader"))

glAttachShader(program, vobj);
glDeleteShader(vobj);

}

if (fsrc != NULL)

{
/] FSTAV R I—EDY T+ TSy bEERT S
const GLuint fobj(glCreateShader(GL_FRAGMENT_SHADER));
glShaderSource(fobj, 1, &fsrc, NULL);
glCompileShader(fobj);

/] DSTAD =D z—F3FTOxH b #TATSLATOY MZHEARAT
if (printShaderInfolLog(fobj, "fragment shader™))

glAttachShader(program, fobj);
glDeleteShader(fobj);

}

/] TRATSLATOzH vEYIT S
glBindAttribLocation(program, 0, "position");
glBindFragDatalLocation(program, 0, "fragment");
glLinkProgram(program);

/] ERR L= 0S5 LA Toxy bERT
if (printProgramInfolLog(program))
return program;

/] TATSLFTOy FHBMERTERTNIT 0 ZRT
glDeleteProgram(program);
return 0;

}

BYF)ILTO5 5L step03
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429 Yx—8HDY—RTOTILEHNDT 74D LEHAL

i7" v 77 ATiE, GLSL TEWEZY =—F DY =27 87T LhELFTHDOET C+ OV

— A0 7T MM DIABLFE LT, ZOFEFY 2 —FDY—=RATa T hE CHH DY —RA
BT L —DODT 7 ANMIEELEDDLIENTELOTHENE S ZIEER TR, v=—F DY
— AT T T LELFHITRIRITNEIR RV DIE, o0 @mE <,

® A4 >T70O45 5L (main.cpp) DEE S

ZIT V== DY=ATa T LEMNDT 7 A NI LT, Ct+ DT 17T Lh6ETRIC
AR EIICLET, 29T . v2—FDY =R 07T NMIEEEMR L ZIT CH+ D
T T LAl RA NV LEITICTAET,

main.cpp @ createProgram() Bt # 12, readShaderSource() &9 B AZEML £3, Z D
BTIE7 7 A NVDOAE I EITND O T, maincpp DFIAT fstream % #include L E3,

#include <cstdlib>
#include <iostream>
#include <fstream>
#include <vector>
#include <GL/glew.h>
#include <GLFW/glfw3.h>

(HHE)

/] TRAGSLFTOH FEERT S

/] vsrc: N—FYHIRVI—EDY—RATAT S5 LDOXES

/] fsrc: TISTAVRYI—EDY—RATAT S5 LDOXES
GLuint createProgram(const char *vsrc, const char *fsrc)

&1
}

[/ PT—=FDIV—RIT7AIEFRHANEZAEY ERT

// name: YI—HFDY—RTF7AIL%A

//  buffer: BHARAALZY—RT7A4ILDTFR b+

GLchar *readShaderSource(const char *name, std::vector<GLchar> &buffer)

{
[/l TF7AILED NULL o1
if (name == NULL) return false;

/] V—RIT7AILEHL
std::ifstream file(name, std::ios::binary);
if (file.fail())

/] BFEh ot
std::cerr << "Error: Can't open source file:
return false;

}

/] P27ANDREICBHLRENE (=774 L34 X) 2655
file.seekg(@OL, std::ios::end);

<< name << std::endl;
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GLsizei length = static_cast<GLsizei>(file.tellg());

/] Z7ANYARXDAE) EHER
buffer.resize(length + 1);

[l T F7AIVEREDSFERMHAD
file.seekg(OL, std::ios::beg);
file.read(buffer.data(), length);
buffer[length] = '¥0';

if (file.fail())
{
/] DELEHADHEI DT
std::cerr << "Error: Could not read souce file:
file.close();
return false;

}
/] BEdHddrFRI

file.close();
return true;

<< name << std::endl;

IHZ, ZOEF STy 2—X DY —RAT7 7 A )VEGidirdr, createProgram() BEIEL % ff >
TTu I L5477 EEKRT 5B loadProgram() %, Z D% AIZEML ET,

/] Y2—HDIV—RIT7ANERHARATTAT I LT T LY FEERT S
// vert: N—TYHIRVI—FDI—RIT7AIL%
/] frag: 250 *AF—FDY—RT7AIE
GLuint loadProgram(const char *vert, const char *frag)
{
/] YT—FDV—RITF7AIEHRHAD
std: :vector<GLchar> vsrc;
const bool vstat(readShaderSource(vert, vsrc));
std: :vector<GLchar> fsrc;
const bool fstat(readShaderSource(frag, fsrc));

/] TRAGSLATSzy FEERT S

return vstat & & fstat ? createProgram(vsrc.data(), fsrc.data()) : 0;

main() BE%4XTIL. createProgram() % loadProgram() (Z@E & #ix ¥4, £/, X—TFT v I XA =
— XD AT T T EDILTFH vsie LT T T AL by == B DY —=AT 0T T 5D TFH
fsre (FHIER L £,

int main()
(HRE)

/] BREBEEET S
glClearColor(l.0f, 1.0f, 1.0f, 0.0f);

[/ TATSLFTOc) bEERT S

const GLuint program(loadProgram("point.vert", "point.frag"));
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/] 74 FIRRANTVSERYIRT
while (glfwWindowShouldClose(window) == GL_FALSE)

(HHE)
}
}

& I—HNDY—RTF7AI

Vr—HDY—=AT 7 ANME, Ct+ DY —=AT 7 AN ETHNAER LE T, N—T v 7 ATz
— D) —AT 7 AINDT 7 AIVGIL pointvert, 7T T AL "N ==L D) —AT 7 AILDT 7
A V4 1E point.frag ICLET, ThHbH%E Ct+ DY —Z 77 A NVERUT 4 L7 FY (T4 1H)
WRFLTLSES N,

N—T VIR —HFDY—RT 74 )L point.vert

#version 150 core
in vec4 position;
void main()
{
gl Position = position;

}

IS A b —FDY—RT 74 )L point.frag

#version 150 core
out vec4 fragment;
void main()

{
fragment = vec4(1.0, 0.0, 0.0, 1.0);

}

YT TOY 5L step04

#2: Visual Studio IZ£B T —5FDY—XT7AILDERK

Vr—HDY—=AT AN CHt DY —=AT 7 ANERUTHFANT 7 A NIRDT, CH D
V=277 ANERLCFIE (KM 14, 15) TERRLET, 27 L, ZZTHES>TWD Lvert
R frag EWOIRIET DT 7 A NV EAERKT B HIE Visual Studio ([ZIXRWND T, 7 7 A VA ITIE
RFETHEOTHRET D2HLERHY 7 (X 49),

49 Visual Studio IZBIFT A3 =—F DY —XT7ANVDT 7 A VL DIRE
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R Xcode I2&£B21—5DY—RIT7AILDER

Xcode TV 2 MIvz—FDY—AT7 7 ANVEBIMT AL, “File” A =2—M71b
“New” ZIEW, DD “File...” DHEHEZEA T2 (K 50),

50 Xcode TD 7 7 A VDFHRIERK

V= HEDI—=AT ANV, TEFAR T 7 AE L THERLET, “OS X7 @ “Other” 1TH
% “Empty” Z#EAT, “Next” #7 U 7 LET (K 51),

X 51 Xcode TDZED T 7 A VDVERK

“Save as” |\ZIRET D7 7 A /W4T vert X° frag EWVWIOIEIETFETED THEL TS ZEI W
(K1 52), £D1%, “Create” 7 U v 7T, ZOT7 7 A NN Ty r MUBMEET, 2
ey = —F DY =27l 7 85 ANJLET,
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X 52 Xcode TOL=—FDI—RT7ANDT 7 AL NVELDIEE

Xcode Zfi>TEN FLEHEIX, EIT7 7 AL CH++ DY =T 7 A )V EITRR D572
REINET, /-, T3 70T L% Xcode WTHEITTDHEEZDEET L7 MUY
T, ZOD, Y2 —FDY—AT A )& Ctt DY —RAT77ANERLT 4 L7 MUIZE
WEGEIR, Tu T A O =D AT 7 ANDT 7 ANKIZEDT 4 L7 KU DINA
EEWRNE, BIHRADLZENTEEE A,

FIT, s T L% Xcode WCEITLIEEZDIEET 4 L7 NI, =—HF C++ DY
— AT ANEBN T 4 LY FUIZRD KD, Xeode DEREHZET L ET, Xcode DL LD
“Set Active Scheme” 7> “Edit Scheme” %A T 7Z& W (X 53),

X 53 AF—ALDH/E

DA D “Run 7 r¥ =7 "” Y, O “Options” %1% L T “Working Directory”
WZTF =2y 7@ ANTLZSN, Z20%, TOTOMOHERO 7 +NE DT A 2%V v 7T
X, ZANVTREIROZA T o IRBNLDT, Yxz—F CH OV =R T 7 AV EBEBNT
4 L7 PUEBRLTLEEN, HDHW0E, ZOMIZ SPROJECT DIR %% E T UL, Xcode D
IuYel NOT 47 FUBEHENRET, KEIZ OK” 227 Y v 7 LTSN (K 54),
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54 E%7 ¢ L7 MU (Working Directory) DO E
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2| ftZ D ¥ 1H

33
3
10k

5.1 OpenGL OEf:T—4

OpenGL TiE, HMEOT — X IITEHADMERM, EHRASY ML EOTERBEME (attribute) T
ENET (422), HBEHET 5121, ZOHEABELZ —H GPU filo A€ VICEEXLET, =
D GPU IO AEFY ZTERNY T 7 EVWET, £72, ZOHANY 77 A7V =7 BT
LHEA ., TER/NY 774 TP b (Vertex Buffer Object, VBO) & W\ E T,

BT OREE N B TEAB IR, MLELADIED, BT MART 7 AF v EER 8, ¥
FIE L T2 RbONEZ b ET, Lz -> TEBICKE 2T 5 1213, SO TESBME,
TROBEENY 7747V NelAhBEDLELIVENRHY £, ZOMAEAEDLEEZEHRT S
7=l TEREHIA TP 5 b (Vertex Array Object, VAO) % V£ 9,

52 HEisT—% DiEE

521 EET—20OEEFIE
OpenGL Tl%, L TOFIECTHIE 2 H#HiE L E£7,

(10) glGenVertexArrays() CIEARSIA T Y =7 N EERT 5,

(11) fEpE L7=TERELSIA 7 ¥ = 7 N % glBindVertexArray() THsa7 5

(12) glGenBuffers() CHHMNY 77 A7V =7 F&AEKRT D,

(13) B LTSNy 7 7 A7 V=7 % gIBindBuffer() THREAT 2

(14) glBufferData() CIHA NNy 7 747 V=7 MIT—4% (BB 2Rk T 5

(15) TES NNy 7747 V=7 % glVertexAttribPointer() T attribute 283 BE# S 1) 5
(16) TEARSIA T Y =7 NafEe L CiEidas (Rr—a—L) ZF 7T 5

THARHIA 7Y =7 b &FEES (gBindVertexArray()) L=, THENN Yy 7747V =7 &S
(gIBindBuffer()) 35 Z LI Lo T, HARSIIAT V=7 NMITESE NNy 7747227 FBEAIA
EFNET, ZORBEREINA T V=7 FEfETHIE, MABAENTTHENYy 7747V =
<> attribute %% & OIS T BRHEIC /20 T,
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522 TBmRN\YI7AT2oH FOER

TESEH AT V27 MCRIET — 2 288 LET, KBIL 2 & (0.5, -0.5) & (0.5, 0.5) & xf
AOTERET DA LET, Ziaw Vertex & WO EEIRICHEMNL F7,

/] TEREM

struct Vertex

{
/] L&
GLfloat position[2];

}s

/] BRT—4
static const Vertex vertex[] =

{
{ -0.5f, -0.5f },
{ @.5f, -0.5f },
{ @.5f, 0.5f },
{ -0.5f, @.5f }
s

JERNY 7747Vl NEfEL, 20T — X %2 ZICEVET, HANNY 7747V
M GPU MNZHELR L7 — % ORFHEZEBE L £ 7, BT 57 —Z O¥ A XX, Vertex
DIEFRDOT —H ) 472D T, 4 *sizeof (Vertex) (2720 £7°,

GLuint vbo;

glGenBuffers(1l, &vbo);

glBindBuffer(GL_ARRAY_BUFFER, vbo);

glBufferData(GL_ARRAY_BUFFER, 4 * sizeof (Vertex), vertex, GL_STATIC_DRAW);

void glGenBuffers(GLsizei n, GLuint *buffers)
HENYy 77 F 7027 FEAERRLET,
n
BT DTHRAN Y 77 A7 V=7 F O,
arrays
ERLTIETHR ANy 77 A7 V=7 by (B ) T 285, D7 &5 n ITHREL
B EDBERZROVERH Y £,

void glBindBuffer(GLenum target, GLuint buffer)
HRAY 7737V =2 bafia L TERTRRIZLE T,
target
THE Ny 7747V =7 bOfEA*%, GL_ ARRAY BUFFER, GL_COPY READ BUFFER,
GL_COPY_WRITE BUFFER, GL_ELEMENT ARRAY BUFFER, GL PIXEL PACK BUFFER,
GL_PIXEL UNPACK_BUFFER, GL_TEXTURE_BUFFE, GL_UNIFORM_BUFFE,
GL_TRANSFORM_FEEDBACK_BUFFER MfEET& £d, HRNNY 7747V =2 FOW
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REREBICfE O THAJEME & LT 2 841X, GL_ARRAY BUFFER %##HEL £,
buffer

METDHRNY 77 AT V=7 M, 0 RLBIEORE 2L E7,

void glBufferData(GLenum target, GLsizeiptr size, const GLvoid *data, GLenum usage)

HENRNYy 77 ATV bOAEY ZfERL, £2I27—% (AREME) 25 LET,

target
TR EBETLHEANY 77 AT V=7 FOEERR,

size
GPU MIICHEfR T DTERAN Y 7 7 A7 V=27 FOY A X,

data
THEAN Yy 77 ATVl MIRET D27 —ZBEMI LTS CPU DT —F DRA U F,
T—EBEHINTWD AT (BANERE) OV A XTD7e< & bEIE size N b D
WERD D, ek, ZTHH 0 785 GPU fIICTERA Yy 7 7 A7 V=7 M5 AE U Otk
T 2TV, T —Z OEEIIIThRU,

usage
ZOHERNy 77 A7V =2 NOfFpiv, GL STREAM DRAW, GL STREAM READ,
GL_STREAM _COPY . GL_STATIC DRAW ., GL _STATIC READ . GL_STATIC COPY .
GL_DYNAMIC DRAW, GL DYNAMIC READ, GL DYNAMIC COPY WfEETX£¥, =
UL GPU OEfEZ Kb+ 57D & LTRSS ET,
STREAM

T =2 ORFEBICIT—ELTEZ AT, mxBEEH ST T,
STATIC
T =2 ORAFHEBICIT—ELTEZSAEN, MEBEHSNET,

DYNAMIC
T = Z ORMFEBIITR VR LESA T, MELEASNET,
DRAW

F = ORFEBONTIZT 7V r—va itk TEXRATN, #0700 T—4 L
LTHWHNET,

READ
F— 2 DRAEERONEILT 7V r— a b ORWA I L > T OpenGL (GPU)
I oHrtsn, 77— a AMINZIRENET,

COPY
F—H ODRAEFEIRDONREILT 7V r—3 3 b DS L - T OpenGL (GPU) 76
A I, BT —2 L LTHOWLNET,
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523 TER/N\Y I 74T s k& attribute ZEDBEES 1

HENY 77 A7V 7 MIEMHENLTWD T —% (IHEBME) I, X—T v 7 AT =—FD
in 2L HE S5 attribute 280 (4.2.2) 2 L THY H L EJ, attribute BN T —H %
BT TEANNy 7747 V=7 M, glVertexAttribPointer() BI%txZ HWCHEE L £7., £ LT
glEnableVertexAttribArray() BIIZ X - T, Z @ attribute 2 EH# L £,

glVertexAttribPointer(®, 2, GL_FLOAT, GL_FALSE, 0, 0);
glEnableVertexAttribArray(0);

void glVertexAttribPointer(GLuint index, GLint size, GLenum type, GLboolean normalized,

GLsizei stride, const GLvoid *pointer);

BT OREEIRF I attribute 22432 T D 7 — & O#AMNGET & EXEAE L £

index
Yx—HTu T LD 7T glBindAttribLocation() BIEt CHRE L=, T — X 2% ITHLD
attribute 2 OLHT, ZOv = —X 70 7T A TIL vertex OME—D A L /3 position @ index
20 ZFELTVWETNSE, 22T 0 ZFHELTVWET,

size
attribute 2N ZITID —HOT —Z OV A ZAFFELE T, 1. 2, 3. 4 ODEIMFEETEE
T, —HOT—H N WIE (x,y) D 2, SR (X, y,2) b 3 HEELET, Zo7 B
77 LORET —ZIXRKITRDOT, TITHE 2 #FEELTVET,

type
attribute ZE 3% FHL S (pointer TR S N7 D) T — 2B EEEL £3., GL BYTE,
GL_UNSIGNED BYTE,GL SHORT,GL UNSIGNED SHORT,GL INT,GL UNSIGNED INT,
GL_FLOAT. GL_DOUBLE 25ET& £, 207177 LADOXET —# 1% GLfloat #72 D
T, ZZ TiX GL FLOAT ZHREL TV,

normalized
GL TRUE 72 & type 23 [E&E/NIA (GL BYTE, GL UNSIGNED BYTE, GL _SHORT,
GL_UNSIGNED SHORT, GL INT, GL UNSIGNED INT) ® & &, ZOfExZ 0T — X BT
FKHARE/R ik RKIECIEAME L3, GL_FALSE 72 b EH b L EH A, Z 2 THEHILEITD
72D T, GL FALSE Z##EL TV ET,

stride
attribute 2N ITED (pointer T/RENTZFED) 7 —2 OFFIO, BREOMBEIEE L
F9.0 ROT—ZIFEIWATHDHDL LTHRWET, 22 TE 0 ZHEELTVET,

pointer
attribute BN ZITMD T — 2 BHMEN TV DHFEHEEL LT, M NEMOA Ty
FERAZIZFYAMLTELET, HANY 7747V =7 FOEENLIY HT 5
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0 ZHRELET, A FPRALOFT7E Y FERA ZIZETITIE, offset & int TMOEH L
L C. static_cast<char *>(0) + offset & % /X (char *)0 + offset & L £ 7,

void glEnableVertexAttribArray(GLuint index)
attribute A H N L ET,
index

HNZT % attribute 23k DT,
524 TEREINATO Y FOER

TERESIA 7 ¥ =7 M, glGenVertexArrays() BEIEL A > CTIERK L £ 77, 1ERR L 72 TH A ECS A
TV NefMifT 5 L XL, glBindVertexArray() BIE A FEIT L ET,

GLuint vao;
glGenVertexArrays(1l, &vao);
glBindVertexArray(vao);

void glGenVertexArrays(GLsizei n, GLuint *arrays)
THARAN ATV =7 EERLET,
n
TERLT 2 THRESI A7 ¥ =7 b O,
arrays

TER LIZTERIESIA 7 Y =7 b BB T 285, D7e< L b8 n ITHE LK
ULDEREFOLEND D 7,

void gIBindVertexArray(GLuint array)
THREANA T V=7 M afha L THEAREIC L E7,

array

AT HERESNAT V=7 N, 0 R bBIEORAE ZMRELET,

® ERERIA Ty DY 5 X Object

UEDOFREZEFZLIZZ 7 A Object %, Objecth E VNI~ X7 7 A MIERLET, 2D
A UNERICE, TERESIA 7 V=27 A vao ETERANY 774727 MAD vbo &k
LET, ZRBIXZDZ T ANTLMEDZRWO T, private A2 7NZLE$, 723% #pragma once
X AU~y X7 7 A VBEREGBAAENRNE DT D700 TBE LRV TY,

#pragma once
// BRT—%

class Object
{
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/] TERENF TV +48

GLuint vao;

/] BRIV I 77X Tox) b4
GLuint vbo;

public A /NZIFTHRBYEDOHEIER Vertex, 2 AT 72 TANT 72 BIORE 21T
IAY Yy FEERLET, a3 A NI 7 X TIRERBINA T V=7 MEERLIZ#E, 58I %
ONT-TESDONEDOERZE (KIT) size & TES DI vertexcount = 6 EIZTEE NNy 77 47 V=
7 FEAER L, ZHICTHROT —4 vertex & #Aik L CIHRRS AT ¥ =7 MIMEAIALE T,

public:

// TEREM
struct Vertex
{
// L&
GLfloat position[2];

}s

// AVAKRSY A
// size: THERDHEEDRIT
//  vertexcount: THEDH
//  vertex: THREMZI&M L /=B
Object(GLint size, GLsizei vertexcount, const Vertex *vertex)
{
// TERENA TSy b
glGenVertexArrays(1l, &vao);
glBindVertexArray(vao);

/] TBRNYIF7HTSH b
glGenBuffers(1l, &vbo);
glBindBuffer(GL_ARRAY_BUFFER, vbo);
glBufferData(GL_ARRAY_ BUFFER,
vertexcount * sizeof (Vertex), vertex, GL_STATIC_DRAW);

/] BEINTWBIERNYI7A TV bE in EEHISBSETELLSI1ZT D
glVertexAttribPointer(®, size, GL_FLOAT, GL_FALSE, 0, 0);
glEnableVertexAttribArray(0);

}

TANZZHTIE, av A NI 7 ZTERLETAARSNA 7V 27 NETHANYy 77 A7V x
7 FEBENUTICTHIBRLE T, ZAUIBREREKICL THEE £,

/] TALS9 4
virtual ~Object()

{
// TERESA T F£HIBRT S
glDeleteBuffers(1l, &vao);

/] TBERNY I 7A Ty F#EIRT S
glDeleteBuffers(1l, &vbo);
}
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2L, TNEEA L AZ L ADaE=PEEELNTZ L EIT, TD I O Enh—2% Ik
THE, TNOLOMTHAESN TV AIEMAESA T Vs NREBRAN Y 7 747 V=7 FHHIR
SNTLEVWET, £29TDLEVDOA L AZ U ARERZ LR D1EN, ENHZHIBRLE D &
L7z & EZBRICHIBR SN TNy 7 7 A7 V=7 REHIBRL L S5 & LT, OpenGL D=7 —% 5| X
HZLTLEVWET, 22 Tab—a A M7 7 X ERABEBE % private A2 /NZ LT, A
AR ADAE—EEEELET (a—LLH2ETHLEar M =TTy FT),

private:

// AE—AVAR+FVRICKBHIE—F
Object(const Object &o);

// RAIC&KDaE—#E1E
Object &operator=(const Object &o);

X &2 il 925 & X213, H 5 Lo glBindVertexArray() (& & W THAESIA T =7 FEfREE L
TBLMENOLLOT, ZOLHEEITH) A Y v N bind) ZHELTEBEET, ZHEAM A&
AHEBELIRWOT, const AV v KIZLET,

public:

// BRESA Ty FbOKHEE
void bind() const

{
// WEYAEREINA TP FEEET S
glBindVertexArray(vao);

}
};

525 MHBEIDRELT

HiE T 5K T — % 2R FF L72TARE Y47 2 = 7 b % glBindVertexArray() BA%tCHE L.
glDrawArrays() P CEAME O (X 55) LTHROEZFEE L CTHiE L £,

glBindVertexArray(vao);
glDrawArrays(GL_LINE_LOOP, @, 4);

void glDrawArrays(GLenum mode, GLint first, GLsizei count)
TE Y 2 TR i L £ 9,
mode
i 2 FEARIE O (X 55),
first
3 H2THAOKHOEF S, HENy 7747V 7 NOEEHOTEAN OB T 5726 0,
count
T 2EROR, eI XUATERD 4,
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30 5 3 5 3 5 3 5
o 3 1 / / 1 1
(o]
4 4 4 4
° ) 2 )
0 0 0

o 2
0
GL_POINTS GL_LINES GL_LINE_STRIP GL_LINE_LOOP
1 3‘§5
4
2
0
GL_TRIANGLES GL_TRIANGLE_STRIP GL_TRIANGLE_FAN

GL TRIANGLE STRIP ADJACENCY

GL TRIANGLES ADJACENCY

55 OpenGL D EAXTE

DIEE %175 2 5 X Shape

°
&
¥

KR OHiE 21T 5 Shape 7 7 A%, Shapeh WO 77 A NWIZERLET, 2DV T A
XI5 Object 7 7 ADA VALV A (BT —F) B THRAS VX 2R LET, ZOFRA
VEELREFT D A U NEEL object [XFA~— RARA 4 shared ptr ([T L E T,

object % shared ptr (2L CEIFIX, [FIL Object 7 T ADA L AKX A%HM L T % Shape
I TADA VAR ANRTXCHIBRESRZE XD, 2O U AX U ABEBHIBRSET (X
56) 2O+ HI LKLY, at—a A T 7 ARNAILLLDLAS U AZ U ADaE—RAFEIC

DET, TNEFEITZDIERET T L — 8T 477U D memory % #include L FET,

% D%, Objecth % #include LFET, ZDIEH, HHED & Z|(IXTEAOBENLEIT/R D DT,

INERFFT D vertexcount W A UANEHABELET, ZTHIEETETHZ ERRVWO T, const
WCLET, 2. ZOAUNEIREYZ ZADDL LB T 5D T, protected (2L THEET,
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Shape Shape Shape
A A B
aE—

Object Object
=304 #*H

Shape
B

HIBR

Object
i

56 shared_ptr OEIE

X

HIBR

HIBR

#pragma once
#include <memory>

// BRT—%
#include "Object.h"

// EROEE
class Shape

{
/] BET—%
std: :shared_ptr<const Object> object;

protected:

/] BEIZESTEROK
const GLsizei vertexcount;

DA ARNT 7 HTIE, SIETRITR S 2THABMEZ > T Object 7 7 ADA L AKX A
AR L, EHUZXY object ML L 9, F72. vertexcount A /3L const DT, T
THHME L CHBMERDHV E£T, B, ZOIT LA NT I HITREETHY £H A,

public:

// AVAKRSIA

// size: THRDEIEDRITT

//  vertexcount: TER D%

//  vertex: THRBMZEHEMLI-ES

Shape(GLint size, GLsizei vertexcount, const Object::Vertex *vertex)
: object(new Object(size, vertexcount, vertex))

,» vertexcount(vertexcount)

{
}

LB T, eI HRE 7 7 & Object D A Y R bind() & FFONH U THEBENZAE © TH A B A A
TVl NERAE LD, MiBAEITLUET, EBRICHIEZIT O A Y v N execute() (FRARE
BIZLT, 2D ITANBIRELIEZY TATAH—R—=F 4 FTEHLIHCLTEBEET,

// FEHE

void draw() const

{
/] TEREHA T bEKEET S
object->bind();
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// HBEZERITYS S
execute();

}

// HEEDEIT
virtual void execute() const

{
// FNETREY S
glDrawArrays(GL_LINE_LOOP, @, vertexcount);
}
}s

® A4 >T70O45 5L (main.cpp) DEE S

BB O X Shape 7 T ADA L AL L AEER L TITWET N, ZORA U FHA~v— |
ARA > # unique ptr |2 L F 3, unique ptr |E shared ptr &iES THEEDORA X NRFERILA > A X
VARBRTIL3H D FEAN, RAUEBHEIBRESNI L I, TABHETA o AZ AL A
AIZHIER (delete) LT NET, ZNEFES72HIZ, T2 TH memory % #include LFET,

F72. Shape 7 7 AEERKL TW\DH~y ¥ 77 A/ Shape.h % main.cpp O FEHT #include L.
main() BIEL K 0 AT O TEA DAL E T — ¥ rectangleVertex A BN L F 9, main() BT
Zffio>T Shape 7 7 ADA VAL U AEREHR LET, ZHIFA~— FARA ¥ unique ptr DZ
¥ shape (KL ET, L—7DOFTZ D draw() AV v REMFOH L ET,

#include <cstdlib>
#include <iostream>
#include <fstream>
#include <vector>
#include <memory>
#include <GL/glew.h>
#include <GLFW/glfw3.h>
#include "Shape.h"

(HHE)

// BERDOTERDOME
constexpr Object::Vertex rectangleVertex[] =

{ -0.5f, -0.5f },
{ o.5f, -0.5f },
{ o.5f, @.5f },
{ -0.5f, 0.5f }

int main()
(HRE)

/] BREBEEET S
glClearColor(l.0f, 1.0f, 1.0f, 0.0f);

[/ TATSLFToc) bEERT S
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const GLuint program(loadProgram("point.vert", "point.frag"));

/] BRT—2 KT B

std::unique_ptr<const Shape> shape(new Shape(2, 4, rectangleVertex));

/] 74 FIRRANTVSERYIRT
while (glfwWindowShouldClose(window) == GL_FALSE)

{
/] D4V EROEEET S
glClear(GL_COLOR_BUFFER_BIT);

/] x—FT075 LOFERARE

glUseProgram(program);

/] HARZEHEY S

shape->draw();

/] W=\ T7EANEBEZD
glfwSwapBuffers(window);

/] ARV EERYET
glfwWaitEvents();

BYF)ILTO5 5L step05

® EITHR

57 BB DOFETR
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F6E vTHOREFXF—FR—F

6.1 D14 koEEa—R—F

6.1.1 Ea—FR—rZE#

CZETIMER LT 0 7T Ak, 4 (-0.5,-0.5) & (0.5,0.5) EXIADIES L THIESED
X9 CTT, EIANRFRREINTETY 4 RO NTZKBIX, BEEmINn—HLTWEREA,

_____ o Ceew---O
A e
i_;'_"_-l_____l. -------
: | tl_/—ﬁ_l\g}@
]
! 1
1, 0 1 >x |:>
! I
|
t..______}l______'. __________
------------ © -o
ERIE TN R EER TINA ABIERDE 2 —R— b

X 58 BT —& & #iE S iz K

ZAUEK 58 ki, KT — X EEFR L TWDHZERMM (-1,-1) & (1,1) ZXAOTES T
LIEHEL 72> TWT, ZOHEMBERINTZ Y 4 RUEKICEE SN TWDLINHTY, 20
T4 RUDYAREERTTLHE, MELENCEDETERLET (K 59),
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59 U4 Y RUDY A AERIC K DH#HE S WK OER

CORET =2 % ERL TVDZEMOEERZERIELT/NA RAEEFR (Normalized Device
Coordinate, NDC), ¥ « > R _FDEEFER % TN REZHR (Device Coordinate) & W\, 7 /34 A
JEAE R E TR OFR R ELT O I Z E 2 —/R— b (Viewport) & W E 97, glfwCreateWindow() B4
BZED T4 FUZERLICERIT, Ea—R—MIv 4 FURKICRESHTOET,

DX DITIERILT A REFER LD RO D, ZDT A ZAFEFER EDOE 2 —HK— N
TONEZRD DIEEEW D Z L%, Ea—R— FE#E (Viewport Transformation) & W\ E T,

B —R— hORE, glViewport() BAETITW £ 3, R LIZ main.cpp @ main() BI% T, B
WU RO LT 60 DRDICE2—R—F2RELTHATIEINY,

/] BEBEEET S
glClearColor(l.0f, 1.0f, 1.0f, 0.0f);

/] Ea—FR—FrEEET S
glViewport (100, 50, 300, 300);

[/ TATSLFToc) bEERT S

const GLuint program(loadProgram("point.vert", "point.frag"));

void glViewport(GLint x, GLint y, GLsizei w, GLsizei h)

TN AJEER BlcE 2 —FR— b EFHELET,

X,y
Ea—R— FOETHOMEZIEELET, 7310 AEERDOFAITRAWZY o FRUDk
THIZHY . T I DOMAALEZ BFERTHE L £7

w, h
Ea—R— DL SIS ZWMBEHTHELET, w ICADKREZIRET D &, #il+ 5B D
EAPKEELET, h ICADKERET D L. Ml 2EO L TFRKEL £,
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w =300

h=300

x=100

X 60 B o—®R— FDRE

DL a—R—= 2 ELRIZT D L. ZOPIHIDN D KE ORI LN ERLT A 2
JERESR ECOMtLE — B LET, 2L, ZoBO XS ICHB oL —T DRI TE 2 —KR— &
RELTLEI L, VAV FUDY A XEEH L2 ZIZ, ZOMRPE 2 —R— MBS
T ENLRRIIEIRE D OESITON R RD I ENDY T, ZOMETRRLE T,
612 2UvEVY

4 FEIE maincpp TEHEL TV AMEOEADMEL, KO I ICEFLTAHT I,

// MEROTERDOME

constexpr Object::Vertex rectangleVertex[] =
{

{ -0.5f, -0.5f },

{ 1.5f, -0.5f },

{ 1.5f, 1.5f },

{ -0.5f, 1.5f }

}s

2T BHE, IO EOTESDN (-1,-1) & (1,1) ZxAOTES & 5 IEFEOMEE ST A
HET, LER-T, ZOREERHBEITAE, Ba—KR— b AH7EEHMEIK 61 O LI
MY E S, fEShETA, ZOLEEY 1)y E2Y (Clipping) &WWVET,
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[y

R TINA ZEIRSR TINA AEFERDE 2 —R— bk

61 7)o s

ZORERNPO DD LT, KIBITERILT A ZAEERICBWT (-1,-1) & (1,1) ZxH0
HRETDLEHABONIIZEH D555 LintlinrhEE A, ZOEBIEI ) v EDTERM LT,
EHUET NS AERERITO )y EV T EER E L IEENE T,

L7eRo T, fEEORE SOZEMICHE S NZREOHBEIZITWIZWEEIX, Z0OZEMO S5
W FICR AT D E 7 Uy B TERICIZDIATEEERZIT O MERH D £,

6.1.3 Ea—FR—brDEREAZE

glViewport() (2 X % E 2 —AR— FOREZHE DO/ —T DRITT LATR > TWRITHIE, £D
BOU 4 RO A XAOEERE 2 —F— MBS EE AL, NEWVST, fEOL—TD
PTHE ORI 4 FUDY A A2 X T 2a—R—FE2RET LD, Va4 FUDHA
AOEFENRZIT EHEBIATON AU TIEIRNZ 2B 25 L, BEEBZVEN LET,

FIT U4y ROV A IHPEE SN glViewport() 2 FE4T LT, B a—F— kD
ExZITH L9 LET, glfwSetWindowSizeCallback() BE%k % IV AUIE, 7 1 > KT DA AW
BN L XICETTHM (23— Ry VM) 2RETDHENTEET,

e V4V KHMEDY SR Window

OB EEMNT H720IZ, GLFW I2XL 5V 1 > RUIZET 248 2K D Window &5 7
TACEELEDET, ZHUE Windowh WISy F T 7 A VTERLET, ZD private A
¥ D window (21X, BAW=T 0 Rudo Ay R GRAF) ZRFFLET,

#pragma once

/] 242 RIBEEDLE

class Window
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{
/] 94 FEoDNYEFIL
GLFWwindow *const window;

A U NEE window 1, 2 A KT 7 ZITEBWTC, glfwCreateWindow() BEIEX DR 0 & L TH5
LBNDHT 4 ROy RATHIHME L 9, glfwMakeContextCurremt() BA%c<° GLEW @ #]#]
{b. glfwSwaplnterval() BI%tb 2> A N7 7 XN TEITLE T,

public:

// AVAKRSU A
Window(int width = 640, int height = 480, const char *title = "Hello!")
: window(glfwCreateWindow(width, height, title, NULL, NULL))
{
if (window == NULL)
{
/[l 242 RINERTERM ST
std::cerr << "Can't create GLFW window." << std::endl;
exit(1);
}

/] BEDDI 42 FIERBHRRIZT S

glfwMakeContextCurrent(window);

// GLEW Z#)HiLd %

glewExperimental = GL_TRUE;

if (glewInit() != GLEW_OK)

{
// GLEW DFIHAEIZKERL 1=
std::cerr << "Can't initialize GLEW" << std::endl;
exit(1);

}

// EERHDZAI T EHFD
glfwSwapInterval(l);
}

TARNT I HETIEIU 4> RUEMHL 5 glfwDestroyWindow() BA%zEITLE 3, TDIE, ¥
4V RO ELDHEET D shouldClose() X TNy 77 Vo TEEIZNYy 77D AKX
%179 swapBuffers() bEZR L TEBZET,

/] TALS9 4
virtual ~Window()

{

glfwDestroyWindow(window);

}
/] 242 REIERALHENENTHET S

int shouldClose() const

{
return glfwWindowShouldClose(window);
}
[/ A=Y TF7EANBATARY FERYET
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void swapBuffers()

{
/] W=y IT7EANEBEZS
glfwSwapBuffers(window);

/] ARV EERYET
glfwWaitEvents();
}
}s

void glfwDestroyWindow(GLFWwindow *const window)
EShIEY 4 FUex0ary TR A PEMELEYS, ZOBBNFETSRADL, 20U«
YRUVICRESNTND 32—y 7 BRI SR <2 £7,
window

WIS DT 1 RUDAY R,

ZDIEN, TD7TADA N E LT, glfwWindowShouldClose() BE%k ™ BV il % K 3
shouldClose() X°. Ny 7 7 & ANVEFE X TA XY & HY 7 swapBuffers() HEHR L THEET,

@ VAU RIDY A XEERICKTY SEBRDERE

U4y RUDY A REER L& EIZFEITT HBEU, glfwSetWindowSizeCallback() BE% % fif
STIROEDITRELET, FATT 24T, 22Tl resize() & LET, 513D window (%
KBEDT 4 RO RLTT,

| glfwSetWindowSizeCallback(window, resize);

GLFWwindowsizefun glfwSetWindowSizeCallback(GLFWwindow *const window,
GLFWwindowsizefun cbfun)
RESNTE VAL FUDHA ANELSNEESITETTDa— A"y VEBEHRELET,
ROMEE L TURNIRE SN TN e a— oy JEBORA 2, 3=y 7 BERERE
SN TWRIFHIE NULL 2R L £7,
window
PA ABEFERFICZ O3 —= NNy ZEBEFOHTOT 4 FUDAY R,
cbfun

FITTHEBEDOEA %, NULL R OBERESNTND a— "y 7 BEEEHIBRL £9,

S cbfun ICERET HBEEIE, RO TERLET, Z 2 TIEBEEAL%E resize() & LET,

void resize(GLFWwindow *const window, int width, int height)

&1
}
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window

YA XPERINTZT 42 RUDANY R,
width, height

TNENY A ZAEERZRDO T 4 RUDRE RS,

® Window ¥ 5 X (Window.h) OZEFE =

OB EFIFEER L7 7 A Window [ZHHAIALRE T, resize() HFFHIA L BEE LT
DY T AZBML, 2 AT 7 X T glfwSetWindowSizeCallback() Bi%k% E/TL T, 2z =
— ANy ZBAEE LTBER L ET, resize() TIEV 4 FURKZE 2 —FR— MIRELET, A
VNESE o — Ry 7 BAEICHE S G AT, BA VBB THILERH Y 7,

ZOBMTITO B a— AR — FORER EOLIIT, —fRICTHRANC Window ZHAVZ & X2 FE
T RELDOTT, LEB-ST, aVANTITHZORERETY resize() ZFFONHI L ET,

// AVAKRSV A
Window(int width = 640, int height = 480, const char *title = "Hello!")
: window(glfwCreateWindow(width, height, title, NULL, NULL))

(HHE)

/] BEEREDZA I T EHD
glfwSwapInterval(l);

/] 242 RO A XEBRICHFTH T NED S K

glfwSetWindowSizeCallback(window, resize);

/] W=D 1 U RODHMEAETE
resize(window, width, height);

}
(€9
/] D=V IT7EANBIZTAANY FERYHT

void swapBuffers()

{
/] W=\ T7EANEBEZD
glfwSwapBuffers(window);

/] ARV EERYET
glfwWaitEvents();

}
/] 942 EoDY A XEERONE

static void resize(GLFWwindow *const window, int width, int height)
{
/] D4V REKEEL—FR—FMIRET D
glViewport(®, 0, width, height);
}
}s
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® A4 >T70O45 5L (main.cpp) DEE S

Window 7 7 ADEFKZFLIR L7~> ¥ 7 7 A/ Windowh %, main.cpp ® 55T #include
LET, £ LT glfwWindowHint() (2 X 2REDHKDONE %, Window 7 7 ADA A H A
(window) DAERICEZRZ £3, TN THEAERTT LY 4> FUMERIILE T, GLEW O
MHUEIZZ DA v A o ADAERFFZATOR DD T, ZOESHLITHIBRLES, £/, v—7F
DIFFERIERLH T NNy T 7 Vo T O E ZTNENEDA VAL ADANEHTHD
shouldClose() & swapBuffers() IZE & #ix £3,

#include <cstdlib»>
#include <iostream>
#include <fstream>
#include <vector>
#include <memory>
#include <GL/glew.h>
#include <GLFW/glfw3.h>
#include "Window.h"
#include "Shape.h"

(&=1:-))

int main()

&1

// OpenGL Version 3.2 Core Profile #®EiR3 %

glfwWindowHint (GLFW_CONTEXT VERSION MAJOR, 3);

glfwWindowHint (GLFW_CONTEXT VERSION MINOR, 2);

glfwWindowHint (GLFW_OPENGL_FORWARD COMPAT, GL_TRUE);
glfwWindowHint (GLFW_OPENGL_PROFILE, GLFW_OPENGL_CORE_PROFILE);

/] 242 RIEERT S

Window window;

/] BREBEEET S
glClearColor(l.0f, 1.0f, 1.0f, 0.0f);

[/ TATSLFToc) bEERT S

const GLuint program(loadProgram("point.vert", "point.frag"));

/] BRT—2 KT S

std::unique_ptr<const Shape> shape(new Shape(2, 4, rectangleVertex));

/] 742 FIRRANTVSERYIRT
while (window.shouldClose() == GL_FALSE)

{
/] D4V EROEEET S
glClear(GL_COLOR_BUFFER_BIT);

// =705 LOEARME

glUseProgram(program);

/] HARZEHEY S
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wireRectangle.draw();

/] DI3—NYT7EANBATAN FERYEHT
window.swapBuffers();
}
}

Y7L TOY 5L step0b
6.1.4 REREFOMELDETE

FORBIE DML (T ARY bEE) 250 74 & RU ORISR BISNRWE D ICT 2 7E%
BERXET, HEEOT 4 RUDELZ w, mid% h &L, @S T BT LR, U v R U Offt
REEE aspect 1% aspect=w/h 2720 £9°,

L7235 T, U v Y ETOREORBEEL 2 Ak Ot & — 8BS & 5120, EFET A
A JEREFR ECOMEOREZ . ARDOMEORMEIZ LT 1/aspect 5 LET (M 62), ek, =
CTHEHARDHIEZ ER L TVDIEERE T—IL FEER L VWET,

A ' Y
___________________ 1 R
I' 1 ! | |
I : : I
: aspectl> 1 : > h aspect=i
:—aspect 0 :x _1: 0 1 x h
|
I ! ! I
PR | IO : S I
-1 -
I w I
7 =)L REEER ERRE TN R EER TINA RBEERR (V42 RD)

62 U 4V FUDKHEREL aspect T —/v NEEIZIC KB

® Window ¥ 5 X (Window.h) OZEFE =

Window 7 7 AT float BID A 2 /3284 aspect Z BN L 97, aspect 1L, 7V 4~ RUDH A X
WEBEINL XL, TRICAEDETEHTL2LERHVES, 2OV FATE, V4 FUd
TA ARER SN & ZITAANBEH resize() ZFATTDHROICLTWET NS, T2 THEHT
HTENTEET, resize() 1FZARNT 7 FOHFRHETHFRHLTWET NG, ZHICEY ¥ 4
VR EBW & XIT aspect IZEDBRESINET,

& AN resize() (T — Ny ZEAEE UTHE S 72 DITHRY A 3BT LTV E T, FRI A
YANBEEITA AR Z AL TR (Thbb AUAEBIZAEYNEID L TEATY
) EXFCHIEOHE DL ND VI, ZTOHFTAUANEREBRT LN TEEEA, BHHR
VRBEBNTA U AEREBZRT H72DI0E, TOA L AX U ADFEIR (B L TonZATY)
DGEFT &M D LERH ) 7,

ZDREWIT, a3 A NT 7 X T glfwSetWindowUserPointer() BI¥iZ LV this RA > &, $74b
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HLAERENT A LV AZ L AAERERRTARA X%, GLFW il Citgk L CBE £ 7, 2L T, 22—
Xy 7 BB E L CREBI SN A U SBEICB N T, ZO5BICES D Y 4 KU DAY
Rt 1T, glfwGetWindowUserPointer() B % i > TFLER L7z this RA 2 2D H L ET,
A VAR UADAANERIE, TORA B EESTT 7 8ATHIENTEET,

ZDEN, TOERDOEEZ 7 T ANNLERTE DL 91T, getAspect() D L 5 72 A /3B
(T HELTRBEET,

/] 42 FOBEEDNE
class Window

{
/] 94 FEoDNYFIL
GLFWwindow *const window;

// #ErEEE
GLfloat aspect;

public:

// AVAKRSV A
Window(int width = 640, int height = 480, const char *title = "Hello!")
: window(glfwCreateWindow(width, height, title, NULL, NULL))

{
&1

/] BEEREDZA I T EHD
glfwSwapInterval(l);

/] TDAARAURD this RA U2 ZFREFELTHL
glfwSetWindowUserPointer(window, this);

/] 242 FODY A XAEBRICHFUHTLEDEF

glfwSetWindowSizeCallback(window, resize);

/] W=D 1 U RODHEAERTE
resize(window, width, height);

}
&1

/] MR ZERY HY
GLfloat getAspect() const { return aspect; }

/] 942 R0 A XEERFONE

static void resize(GLFWwindow *const window, int width, int height)

{
/] D4V REKEEL—FR—FMIRET D
glViewport(@, 0, width, height);

/] CDAVARBEUAD this RA V2555
Window *const

instance(static_cast<Window *>(glfwGetWindowUserPointer(window)));

if (instance != NULL)
{
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[l SDAARE D ANRET HittELLZEHT S
instance->aspect =
static_cast<GLfloat>(width) / static_cast<GLfloat>(height);
}
}
}s

void glfwSetWindowUserPointer(GLFWwindow *const window, void *pointer)
window |ZH7E L7 4 > K IZH LT pointer IZHFE L7z — Y ERDEEO KA > 4 27
BLET, Vs FUDPHESNDE T, ZOEPIMRESAET, FIH#EITZNULL T,
window
WA U Z BT DRMBRDT 4 RUDNC R,
pointer

LIk O ARA L H

void glfwGetWindowUserPointer(GLFWwindow *const window)
window IZHEE LT 4 RUICK L TR EN TN L2 —FEZRDORA X2 WY HLE T,
FIHEIE NULL T,
window

FLERSNIEARA 22O HTXHG DT 4 ROV R,
O N—TFTYIRYT—HFDY—ATOY S L pointvert DEE =

ZDAUNEE aspect DfEiE Y = —H Tl T MIPEL T, N—T v 7 Az — X TR X
NDTERONEZELE L ET, aspect DIEIZ DO DORKIEORBFICEEIND Z LITRND T,
RISy == O uniform ZHEHOET, in B (422) B OOTHR T LIZ R DR E
REFL TV D DI L uniform 2T~ oM THEA SN 22 TOHEANLIEL TS
MEn2EZRFFLET,

Zo7u s ATIE, #ETHXEOHEGBMENRN—T v 7 A =—X D in ZH position |Z
I TWET, veed 1ZMUDD float DO EFEZFFHT ML DF — & BT position IE
position.x, position.y, position.z, ¥ X\ positionw DEHEZFF->TWET, =L, 207
I MER 57 O CRTRE A #5720, CPU IO 71 75 A TIRTESD x FEEE L y JE
BEEETZRELTVET, ZNUHIEZNEI positionx & positiony ([ZHMIIET, KD D
position.z (21X 0, pw IZiE 1 BT 740 MEE L THEMIILTWET,

Z OTESNLE position |2 vecd 72 E DT MARIEI O EIL, e T 2 ERRLOMEE
RETHRUBMONT MIZRDET, 7oL xiE a & b D veed WMOEH DL E, a*b (T
vecd(a.x * bx, ay * by, az * bz, aw *bw) (R0 ET, LR~ T, 20X EEEETE 1/
aspect 1595 121%, vecd(1.0 / aspect, 1.0, 1.0, 1.0) £\ 9 vecd HOEEF L E T, ZORFEEEH
i L C. gl Position = vec4(position.x / aspect, position.yzw); &FE Z &b TEE T,
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#version 150 core
uniform float aspect;
in vec4 position;
void main()
{
gl Position = vec4(1.0 / aspect, 1.0, 1.0, 1.0) * position;
}

® uniform Z#{ aspect MEKXTE

uniform Z2%021%, #iE 24T 5 A CPU MO 7'w 7T ATEZHRELE T, £DHIC, 71
7T LA TV =7 MTBIT D uniform BEOYFT (%) %, CPU O 7w 7T ATHANTEHE
9, ZiL glGetUniformLocation() B4t Cirv %9, & L T glUseProgram() C¥ =—4% /1
T LEHBC L% T, ZO index (2% LT glUniform*() B¥ % > CTEZFE L £, float !
DHE—DOEKZFHET H72 5 glUniform1f() BI%zE HWET,

int main()
(HRE)

/] BEBEEET S
glClearColor(l.0f, 1.0f, 1.0f, 0.0f);

[/ TATSLFTOc) bEERT S

const GLuint program(loadProgram("point.vert", "point.frag"));

// uniform ZEHDOERZIWMET S

cosnt GLint aspectLoc(glGetUniformLocation(program, "aspect"));

/] BRT—2 KT S

std::unique_ptr<const Shape> shape(new Shape(2, 4, rectangleVertex));

/] 24 FIRRANTNSERYIRT
while (window.shouldClose() == GL_FALSE)

{
/] D4V EROEEET S
glClear(GL_COLOR_BUFFER_BIT);

/] Yx—#78535 LDFERRIE
glUseProgram(program);

// uniform ZERICEZLZHRET S
glUniformlf(aspectlLoc, window.getAspect());

/] HARZEHEYT S

wireRectangle.draw();

/] D=V IT7EANBRIATARNY FERYHT

window.swapBuffers();

BYLT)ILTOY 5L step07
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GLint glGetUniformLocation(GLuint program, const GLchar *name)
program |ZHRE L7270V T A4 TV =2/ POFTHEDIL TV S name ([ZFHE L 72 uniform
EROEFT R L EY, RY I uniform Z% D index T, Ao b720 4L -1 ZIKLET,
program
uniform ¥ EHEST TS0 77 LTV N,
name
P9 uniform ZH4 DA,

void glUniform1f(GLint location, GLfloat v0)
BEMEHFP O = —& 71 7T 5D location (ZHEE L7z index @ float 4D uniform ZE3IC
GLfloat B D vO ZFE L E T, 1IIT vec2 BIZEXET D glUniform2f(), vecd HIZFRET
% glUniform3f(). vecd TIZFRET % glUniformdf() 23H Y £,

location

EZERET D float LD uniform 2 DILEFT,

vO
RET D GLfloat L DAH,

#WE:in £ & uniform £k

in RN ==X 7077 ADRHIE (N—T v I AT 2—FOEEIXERNNYy 7747V =
7 RN MEOT—XOZIFIRY b, TER D SRR DENERE S LD DK L, uniform &
L 1 BlO#EmS ZEICERE S, TRTOHEMATHUEICHEESNET (M 63),

unform unform
in out
in out
pv 1
in out
in outp—------feccciceeo--- L
in out
in out
N=Fv IR 720XV K
IEI=VA vr—% ZAT A vr—% AR NAN

63 in %L uniform T
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6.1.5 RTEEOY A XDEE

R ClL, V=V REBEROREEZ7 ) v BV ZZHOGEmS & —8 S, EH 72T 2k
RV A=V 7 LT L, ZZTERRMBOYA XN T 4 FUDOY A ZTHBEIH
F.HCFALKRE S TRRIND LT HHEEBEZXET,

ZOEHIZ, FRLEI ETIHIHFOREE ETOREIEZROTBEET, REEZELL T
U= FEER EICBWTRES 1 OS5, B bIickS s (BF) TRRESNDLLELET
(K 64), ZHILT —/v REEEERICKT D7 A ZAJERER DILRFETT,

A A
r L R U____ L)
| 2s

[}
[} [} :
[} [} |
[} [} |
> : Ly h s
I 0 il | x -1, 0 1
[} [}
[}
[}
. : !
[}

_h
2s -TTarTT o X
-------------- ! | W |
7—)L REEER FFRRIETINA R EEZR TINA ABEIER (T4 RD)

Bl 64 T /31 RERRDT —)v FERRITHT DIERE

® Window ¥ 5 X (Window.h) OZEFE =

MEZFRT 504 FUDEELOWEZ w, mi8% h LLcEE, 2OV FUIZT-
720N E D U — b REEFEROREIT +w/2s, +h/2s OFPHIZZR Y T3 (K 64), Zh iz EHRLT
NA ZFEFER O +1 ORI A T — U 73 50T, U—/v FEERICKT D IER{LT S A A
TRDILRFIL, TNHOWEIZRV EF, #MBT57 4 FUDK w &&mS h Z2RFFT25 2
DOEFDOFHFND A U NEH size & U—/V NERERITHT 57 A AJEEROIERZE s 2%
FF9 2 A L /NEHL scale &, Window 7 7 AIZIBIIL £7,

/] a2 ROBEEQNE
class Window

{
/] 94 FEoDNYEFIL
GLFWwindow *const window;

/] D42 FODHYA4X
GLfloat size[2];

/] T—IL REZERIINT 5T /N1 REZRDILKE
GLfloat scale;

public:

scale (21X, 22 TIEV—/V FEESR EIZBWT 1 ORI ZEHE ETIE 100 (8F) O X T
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KT HHEOLE LT, 100 THHILL TBEET, scale 1LV 4 RUDY A AREHT I & X
WCHEH T HHENH D DT, resize() TaxE LE T, resize() L Window 7 FADI LA NT 7 X
THIFOCH L TWD DT, scale OFIMIMEIZE Z TRESNET,

ZDIED, scale DRA U H ZHY T A NI getScale() ZBML TR ET,

// AVAKRSV A

Window(int width = 640, int height = 480, const char *title = "Hello!")
: window(glfwCreateWindow(width, height, title, NULL, NULL))
, scale(100.0f)

(HHE)

/] BEERBDSAITEFD
glfwSwapInterval(1);

// SDAVREUAD this KAV ERBELTHL
glfwSetWindowUserPointer(window, this);

/] 242 FODY A XARBRICHFUHTLEDEF

glfwSetWindowSizeCallback(window, resize);

/] W=D 1 VU RODMEAETE
resize(window, width, height);

}
(&Hs)
/] 94 Eo9DY A XERMY HT

const GLfloat *getSize() const { return size; }

/] T—IL REERIZHT BTN REEZRDIEREFIMYHT
GLfloat getScale() const { return scale; }

/] 242 RoDY A XEERFONE
static void resize(GLFWwindow *const window, int width, int height)
{

/] D4V REKEEL—FR—FMIRET D

glViewport(@, 0, width, height);

/] SDAVREUAD this KA V2 %1FD
Window *const
instance(static_cast<Window *>(glfwGetWindowUserPointer(window)));

if (instance != NULL)

{
/[l W24 FODY A4 XERET S
instance->size[0] static_cast<GLfloat>(width);
instance->size[1] static_cast<GLfloat>(height);

}
}
s
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O N—TYHIRYI—FDY—RTFOY S5 L pointvert DEEH

ZOTRT T AOEEE x i E y HEOZOOHHEIZDONT, I IIERFEEZZRE L ET,
TODEFRERFFT D vec2 B uniform A%k size & float D uniform %% scale ZHE L.
FIFED aspect EEXHZFET, T HZE vecd(2.0 *scale/size, 1.0,1.0) & LT, U —/b REEE
RIZKET 2 IEBULT N A R ERER DILRFTED vecd WO RV EAED 7,

#version 150 core
uniform vec2 size;
uniform float scale;
in vec4 position;
void main()
{
gl Position = vec4(2.0 * scale / size, 1.0, 1.9) * position;

}

® uniform Z# size & scale DT

uniform %7 size & scale (2. N EHN Window 7 7 AD A L3 size & scale D% 7%
ELET, 9. 25D uniform Z#D index % glGetUniformLocation() (ZX W RDET, %
L T glUseProgram() C¥=—X¥ 7177 LAEHMMILTCHRIT, TNEND index & HW T, vec2
D size 1 glUniform2fv() B4k % AV C. float %! scale IE glUniforml1f() Z AW CHE L %
To A UNED size 1IRA L Z72DOT fBEEZRA X THRET H glUniform2fv() Z VN ET,

int main()
(€1

/] BREBEEET S
glClearColor(l.0f, 1.0f, 1.0f, 0.0f);

[/ TATSLFToc) bEERT S

const GLuint program(loadProgram("point.vert", "point.frag"));

// uniform EHOEHRZIWMET S
const GLint sizelLoc(glGetUniformLocation(program, "size"));
const GLint scaleLoc(glGetUniformLocation(program, "scale"));

/] BET—2EEHT S
std::unique_ptr<const Shape> shape(new Shape(2, 4, rectangleVertex));

/] 74 FIRRANTVSERYIRT
while (window.shouldClose() == GL_FALSE)

{
/] D4V EROEEET S
glClear(GL_COLOR_BUFFER_BIT);

/] x—FT075 LOFERARE

glUseProgram(program);
// uniform ZEHIEZETET S

101




glUniform2fv(sizeloc, 1, window.getSize());
glUniformlf(scaleLoc, window.getScale());

/] HARZEHEY S

wireRectangle.draw();

/] D=V IT7EANBRIATARNY FERYHT

window.swapBuffers();

BYF)ILTO5 5L step08

void glUniform2fv(GLint location, GLsizei count, const GLfloat *value)

BEERAT Oy = —% 7177 5O location |2 E L7- index @ vec2 > uniform Z#kiC
value (ZH57E L72 GLfloat "> 2 R EOFHID R A > 2 23 E L E T, 1EMIT vec2 I
ET S glUniform2fv(), vec3 BIZFEET 5 glUniform3fv(), vecd BUZFEET 5 glUniformdfv()
N0 £,
location

EERET S vec2 BLD uniform Z#D index,
count

WET D uniform ZEDESIO L & TOEFEL, BAITRINT 1,
value

BRET DI 2R L7z GLfloat BUDELH, ELH D BSEEIT count X2 LA EALEL,

® EITHR

65 V4 Y FUDY A ZEREIIH L TRREEOY A X2 EE
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6.2 YOXATHBZE#HNYT

6.2.1 YVRAN—VIDLHEDERG

KRLTWDRER~ 7 AZBELTEIC KO LET, 207HIZE, V1 R Eowy
AT =Y IVONEZFRDMLENH D £, ZIUZiE, glfwSetCursorPosCallback() (2L > T~v ¥
AH =V NVPREN L RO =Ny VB ARET D HE (2= y 7 HR) &
glfwWaitEvents() <> glfwPollEvents() T X2 hZH 0 H L7212 glfwGetCursorPos() BA%iz X
STHLIHE R—V 2 7FR) OZ@BYOFERLY T, ZITEEEOR—Y 7 HAUC
LB IFBIZOWTEHBH L ET,

® Window ¥ 5 X (Window.h) OZEE &

Window 7 7 AZXTE DN EZRFFT D ~DDOEFOELSID A > NEEH location ZEN L F

T, ZOEEN—TFT v 7 A2 = —& @ uniform £3 location [T TE L F T,

/] 42 FOBEEDNE
class Window

&1

/] D=L FEERICHT 5T /N1 REZRDIEKRE
GLfloat scale;

// BREDOERIET/INA REERETOLMEE
GLfloat location[2];

public:

location (21X AR 7 X THIHMEL LT 0 2 EL THEET,

// AVAKRSV A

Window(int width = 640, int height = 480, const char *title = "Hello!")
: window(glfwCreateWindow(width, height, title, NULL, NULL))
, scale(100.0f)

(HHE)

/] W=D 1 U RODWEAERTE
resize(window, width, height);

// EROERIET/NA REZERETOREDMEE
location[@] = location[1] = @.0f;
¥

~ D ADBE) I ETHRAE LT AN MEA /3B swapBuffers() T glfwWaitEvents() B4 %
FEOMH L CTHRD L TWET D, Z20D%IC glfwGetCursorPos() Bt x> T~ A — Y LD
MLEZFET, 728, gifwWaitEvents() 1£A X "R EAETHETT s T LAeEIESEET,
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WMOH LI~ AT =Y VONE (x,y) O, EBILT A RAEERICBT HLEZ RO E T,
2T RAT— I NVOMBIET AL ZAEERICEB T D EEETTNL, x &y ODFERERAE R -
DY 4 FUDHE w EmE h THOD, Zhvxd 2 5L T 1 5I< ([0,1] O#HZE [-1,1] OHiPH
BT 5H) 2 & T, EOEBLT NA REFEZR EOMEREGLNET (X 64),

L, U A=Y NVDOFEERDFEEIZY 4 RTOE EIZH > T, EHIET A A JEEER
I ETAREELTWAD, 20 y JEEIZOWTRHBZE2RIELET, TNbE A LK
location ([ZfRAL £,

/] D=V IT7EANBIZTAANY PERYHT

void swapBuffers()

{
/] W=\ T7EANEBEZD
glfwSwapBuffers(window);

/] ARV EERYET
glfwWaitEvents();

/] RIDAD—VIDHMEZIRET S
double x, y;
glfwGetCursorPos(window, &x, &y);

/] RORAD—YIILDERIET/NA REZRETDHREZERD S
location[@] = static_cast<GLfloat>(x) * 2.0f / size[@] - 1.0f;
location[1] = 1.0f - static_cast<GLfloat>(y) * 2.0f / size[l];

Z DIED>, location DA HZ ZHLY H3 A /3B getLocation() BN L THE £,

/] D=L FEERICHT BT/ REZROLRKEFRY HT
GLfloat getScale() const { return scale; }

/] MEERYHT

const GLfloat *getLocation() const { return location; }

/] 942 R0 A XEERFONE

static void resize(GLFWwindow *window, int width, int height)

(HE)
}
s

void glfwGetCursorPos(GLFWwindow *window, const double *xpos, const double *ypos)
WMMVT%ELK?%VF?@EL%ﬁﬁkLtvﬁxﬁFYW@&%%*mm&:Wms
BET, B, MEOBEEE ATV & XL floor() BAAMA L T EE3Wn, EERELIC
FrAbTHE, ADMEO L ZZELWVEEZGONER A,
window

VORI INVONEERET LT 0 RO/ R,
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X, ¥
T4y RUDREEEFSELE LIz~ A — Y IVDNLE,

O N—TYIRYI—FDY—RTFOY S5 L pointvert DEEH

NWNe=T I Ay z—HF DY —A7 17 Z A pointvert (2, uniform %L location O H S % BN

LE7, 2D location % vecd [ZZH L T gl Position (21X F T,

#version 150 core
uniform vec2 size;
uniform float scale;
uniform vec2 location;
in vec4 position;
void main()
{
gl Position = vec4(2.0 * scale / size, 1.0, 1.0) * position
+ vec4(location, 0.0, 0.0);
}

® uniform Z#K location MERE

uniform Z%% location (& Window 7 7 AMD A L /NZEHL location DEZFRTE L £9, scale D
A L [AIBEIZ glGetUniformLocation() % ff > C uniform Z5%% location @ index #f+ %4, £ L T
glUseProgram() CT¥ =—HX 7077 A&EHMI LT=H glUniform2tv() BEZ i~ T, £ ® index
(2 A N location DEZFRE LET, Z4Ld EHRED 2 OELHIZ DT, glUniform2fv() TIX
ZORA U HERELET,

int main()
(€Y
/] TRAGSLFTOxH CE#ERT S

const GLuint program(loadProgram("point.vert", "point.frag"));

// uniform Z¥DIZREZMET S

const GLint sizelLoc(glGetUniformLocation(program, "size"));

const GLint scaleLoc(glGetUniformLocation(program, "scale"));

const GLint locationLoc(glGetUniformLocation(program, "location"));

/] BRT—2 KT S

std::unique_ptr<const Shape> shape(new Shape(2, 4, rectangleVertex));

/] 74 FIRRANTVSERYIRT
while (window.shouldClose() == GL_FALSE)

{
/] D4V EROEEET S
glClear(GL_COLOR_BUFFER_BIT);

/] x—FT075 LOFERARE

glUseProgram(program);
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// uniform EHICEZERET S

glUniform2fv(sizeloc, 1, window.getSize());
glUniformlf(scaleLoc, window.getScale());
glUniform2fv(locationLoc, 1, window.getLocation());

/] HARZEHEY S

wireRectangle.draw();

/] D=V IT7EANBRIATARNY FERYHT

window.swapBuffers();

BYT)ILTO5 5L step09
6.22 YTORKRE UDREOERFG

Ao 07T LATIE, v~V ADRL S T U A 2837120 TRBREIN T
FlLl, ZITHE, vUVAORZ U Z ML TWLRHTEZT, KRB LI EERLET,

~ 7 ADKRE L DOEANED glfwSetMouseButtonCallback() % > T E L7z 2 — /3w 7 B%C
LR DZENTEETN, T2 TlE glfwWaitEvents() X° glfwPollEvents() TA X2 ~ &Y
H L7212 glfwGetMouseButton() BA%IZ k- TH 2 HiEZGHHA L £7,

® Window ¥ 5 X (Window.h) DZEE =

glfwGetMouseButton() BABUIISIEICHRE LA X U BRI CW\ % & XX GLFW_PRESS (1),
I TWen & =X GLFW_RELEASE (0) #1X 3 ® T, GLFW_RELEASE T/g\ & X< X
H—=INVOMNBEZTE L, KEOME location Z HH L F T,

/] 42 FOBEEDNE
class Window

(€9
/] D=V ITF7EANBIATAANY FERYHT

void swapBuffers()

{
/] W=\ T7EANEBEZD
glfwSwapBuffers(window);

/] ARV EERYET
glfwWaitEvents();

/] ROADERE VOREZHARD
if (glfwGetMouseButton(window, GLFW_MOUSE_BUTTON_1) != GLFW_RELEASE)

{
/] RDADERZ DB EIN TV ESEIVRA—YVILOHREZIRET S
double x, y;
glfwGetCursorPos(window, &x, &y);

/] ROAN—VILDERETNA REERLTOHEZRDH D
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location[@]
location[1]
}
}

€3]
s

static_cast<GLfloat>(x) * 2.0f / size[0] - 1.eof;
1.0f - static_cast<GLfloat>(y) * 2.0f / size[1l];

YT TO5 5L step10

void glfwGetMouseButton(GLFWwindow *window, int button)
window THE L7V 4 > FUIZEWT button [THE L2~ T ADRZ B3I ThuL
GLFW_PRESS (1), #f#& LT 72\ & =(X GLFW_RELEASE (0) #iEKL £,
window
YT ADRE L OREEFARDGRDOT 4 RUDNS R,
button
WRZHAND~ T ADRZ
GLFW_MOUSE _BUTTON | & GLFW_MOUSE BUTTON LEFT [3/ER % >,
GLFW_MOUSE BUTTON 2 & GLFW_MOUSE BUTTON RIGHT |34 &R % >,
GLFW_MOUSE_BUTTON 3 & GLFW_MOUSE BUTTON MIDDLE [XHi7R % >
GLFW_MOUSE BUTTON 4 ~ GLFW_MOUSE BUTTON 8 (I~ 7 A(Z{KTE,
GLFW_MOUSE BUTTON LAST /% GLFW_MOUSE BUTTON 8 & &L,

6.2.3 YIRKRA—ILDEEDEG

Y UARA =M Ko TRIBZIERM/NTED LT LET, v~V ARA — L O#EIEE BT
HIZIE, glfwSetScrollCallback() Bz > T~ 7 ARA — VL ZEMEL T2 & SO T 2 —1 8
v 7B EBRELET, B, GLFW OXX—Y 32 3 [ZER—) k> T~ 7 AKRA —)L
OEEZEBST 5 FETARE S TV EEA,

® Window ¥ 5 X (Window.h) DZEE =

B DIERAE/INE, T — v REEERIZRET DT /S RAJERERDOILKE s 2B (bEHH L TE
BILET, s 28I H2L &iT scale bHEHTHLENRY T 00, BUEFHANTWL T 4 B
TORE ZEREFT DA NEH size & size & s D scale ZRDDHL T TARX—=F AV v KR
updateScale() ZBM L F 9, ZDOEFITFE, resize() TIEFIEL width & height % size ([ZfRAFT
HE DT, scale ZHH L TUWAHE S % updateScale() DFFONHIZE X #ix F9°,

F/2. a2 AT 7 X T glfwSetScrollCallback() B A » T~ 7 AR A — LA BIELZ L &
WZREON 3 A B3 wheel() 288k L £,
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/] 242 FOBEEDNE
class Window

(€Y
public:

// AVAKRSV A

Window(int width = 640, int height = 480, const char *title = "Hello!")
: window(glfwCreateWindow(width, height, title, NULL, NULL))
, Scale(100.0f)

(&ms)
/] 242 FODY A XAEBRICHFUHTLEDER

glfwSetWindowSizeCallback(window, resize);

/] R RNRA — JVRERF IS O I IR D B 8%
glfwSetScrollCallback(window, wheel);

// TDAVREUAD this KAV ERBELTHL
glfwSetWindowUserPointer(window, this);

/] W=D 1 VU RODMEAETE
resize(window, width, height);

// EROERIET/NA REZERLETOREDMEE
location[@] = location[1] = @.0f;
¥

GLFWscrollfun glfwSetScrollCallback(GLFWwindow *const window, GLFWscrollfun cbfun)
HESNLET A FUICH LT U ARA = ARBRIESHIZ L SIZFETTLa— 1"y 7
BERRELET, ROMEE L TURNCRE SN TW e a— A"y ZJEBDORA 2 h, a—v
Ny 7 BBNRE S TV RIT LT NULL 28 L £,
window

KEDT 42 RTDNY R,
cbfun

FITT OB DOEA %, NULL 2L BERESN TS a— "y 7 BEEEHIBRL £,

5% cbfun IZEXET HBEEIT. OB TERLET, 22 THBEHEA % wheel) & LET,

void wheel(GLFWwindow *const window, double x, double y)

&1
}

window

YA AREEINTZT L RUD ANV RL,
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X,y
PIRTD~ 7 ABRA — IV OBEIEIZ L DA X FOFRAERFE DD D~ 7 AKRA —/)VOEREE,

Z OB wheel() 1% resize() FlEk=— A Ny ZEEE LTEWET D, FagA BRI L
F9, LN -T, Zhd glfwGetWindowUserPointer() Z i~ CA > A X 2 AD this RA X %
BOHLT, AV AZ L ADAUNERICT 7 EALET,

ZOFIED x &y IFLRIO~ T AKRA =L OBMEN S OBRIERTT G| Mk ES0LE R 5|
INEBRBLET, 2T~ FEFERISHT 27 A RERRICH T HILREZ R LT
WHAUNER s Iy BER L., Z0H & A B updateScale() ZMEONH LT A o NE
scale Z BT L £,

2B, TO x X Apple @ Magic Mouse D X 9 IZRILD A7 B — LW A[RE/R~ U A TIIAE
fELETH, FA— /L ORI EE SN TWDEAIXEIC 012725 TnET,

/] 942 RO A XEERFONE

static void resize(GLFWwindow *window, int width, int height)
{
(€1

if (instance != NULL)

{
/[l W94 FOD0H A4 XE#RFLTEL
instance->size[0] = width;
instance->size[1] height;

[/ T—IL FEERICHT HERIETNNA REZRDILARELZEHT S
instance->updateScale();
}
}

/] RIRARA—)VIRERFDILIE
static void wheel(GLFWwindow *window, double x, double y)
{
/] SDAVAREUAD this iRA V2 %#HB 5D
Window *const
instance(static_cast<Window *>(glfwGetWindowUserPointer(window)));

if (instance != NULL)
{
/] T—IL REERIZHT BTNA RAEERDILREEETHT S
instance->s += static_cast<GLfloat>(y);
}
}
}s

BYLT)ILTOYS L stepl
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6.3 ¥—FR— FTRBZ8NT

6.3.1 ESC ¥—T7RIJSLEKRTT S

F—R— FEECHIEZBEH SE LN ESC T —%2 44 S b7 ul I a0/ 87171559
WCLTHAELE Y, BEOF—DBHINTNDENE I DEFDITIL, glifwGetKey() BI%AE A
F9, ZOBRKIISIBITHEE L —R I TWiuid GLFW_PRESS (1), #f& T\ 722
GLFW_RELEASE (0) #iK L 7,

® Window ¥ 5 X (Window.h) DZEE =

Window 7 7 AT 4V RUEALLZRENE I NEFITNDH A B3 shoudClose() % .
DIFOXHI2EE L7, glfwWindowShouldClose(window) X7 4 > R P L5 & & X|T1%
0 Dz L, glfwGetKey(window, GLFW_KEY ESCAPE) % ESC F—2\ &/t &2 1
ZIRTOT, fmPHBE ORI < THEREEZRDODTHWET, Ty MNERO®RERM <0 TH
FERIZFA T TR, WMEEA CHIITLEOEMNE GF 0) ROADEITFEITLARVO T, HHICK
S TTEBRUHAZELS ZENTEET, THEr, 22 TRIELALEETRVERNET,

/] 42 FOBEEDNE
class Window

(&ms)
/] 242 RIERALBERNENTHET D

int shouldClose() const

{
return glfwWindowShouldClose(window) || glfwGetKey(window, GLFW_KEY_ ESCAPE);

}

€3]
s

int glfwGetKehy(GLFWwindow *window, int key)
window THE LV 4 RUVIZBWT key ICHELZF—A— FOXF—2AH I T\l
GLFW_PRESS (1), #f& LT 72\ & =(X GLFW_RELEASE (0) #iEKL £,
window
F—OREERLHGRDOT 4 FTDANL R,
key
WheZ i ~2 F—,
GLFW_KEY SPACE (%2H). GLFW_KEY APOSTROPHE (‘). GLFW_KEY COMMA (,).
GLFW_KEY_MINUS (-), GLFW_KEY_PERIOD (.), GLFW_KEY_ SLASH (/).
GLFW _KEY 0 ~ GLFW KEY 9. GLFW_KEY SEMICOLON (;). GLFW_KEY EQUAL (=),
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GLFW_KEY_A ~ GLFW_KEY_Z., GLFW_KEY_LEFT BRACKET “[”

GLFW_KEY BACKSLASH “¥’, GLFW_KEY RIGHT BRACKET “]”,
GLFW_KEY GRAVE ACCENT ('), GLFW_KEY ESCAPE (Esc). GLFW_KEY ENTER,
GLFW_KEY TAB, GLFW _KEY BACKSPACE (Bs), GLFW_KEY INSERT,

GLFW_KEY DELETE (Del), GLFW_KEY RIGHT (—). GLFW_KEY LEFT (<),
GLFW_KEY DOWN (). GLFW _KEY UP(1)., GLFW_KEY PAGE UP,
GLFW_KEY PAGE DOWN, GLFW_KEY HOME, GLFW_KEY END,
GLFW_KEY_CAPS LOCK, GLFW_KEY SCROLL LOCK., GLFW_KEY NUM LOCK
GLFW_KEY PRINT SCREEN, GLFW KEY PAUSE., GLFW KEY F1 ~ GLFW_KEY F25
GLFW_KEY KP 0 ~ GLFW_KEY KP 9 (7 > &% — %7,

GLFW_KEY KP DECIMAL (7> % — )

GLFW_KEY KP DIVIDE (7 > % — /), GLFW_KEY_KP MULTIPLY (7 > ¥ — *),
GLFW_KEY KP SUBTRACT (7 > % — -). GLFW_KEY KP ADD (7 > &% — +),
GLFW_KEY_KP_ENTER (7 > % — Enter). GLFW_KEY_KP_EQUAL (7 > ¥ — =),
GLFW_KEY LEFT SHIFT, GLFW_KEY LEFT CONTROL, GLFW KEY LEFT ALT
GLFW_KEY LEFT SUPER, GLFW_KEY RIGHT SHIFT, GLFW_KEY RIGHT CONTROL
GLFW_KEY RIGHT ALT, GLFW_KEY RIGHT SUPER, GLFW_KEY MENU,
GLFW_KEY LAST /X GLFW_KEY MENU &[HC,

6.3.2 KENFXF—TCHEEZHZHT S
Z O glfwGetKey() #ff~> T, ¥—AR— FOREF—CHELZEHNT LI LET,
® Window 7 5 X (Window.h) OZEFE =

%1% —|% GLFW_KEY RIGHT. GLFW KEY LEFT. GLFW KEY DOWN. GLFW KEY UP
DOMW->TH, Window 7 7 AD A 3%k swapBuffers() D HIZ&H % glfwWaitEvents() TA X2
MY L7k, ZOA X MIBITH2F—F— FOX—DREZRHET,

/] 42 FOBEEDNE
class Window

(€9
/] D=V ITF7EANBIATAANY FERYHT

void swapBuffers()

{
/] W=\ T7EANEBEZD
glfwSwapBuffers(window);

/] ARV EERYET
glfwWaitEvents();
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/] F—HR—FORKEZHANDS

if (glfwGetKey(window, GLFW_KEY_LEFT) != GLFW_RELEASE)
location[@] -= scale[@] / s;

else if (glfwGetKey(window, GLFW_KEY_RIGHT) != GLFW_RELEASE)
location[@] += scale[@] / s;

if (glfwGetKey(window, GLFW_KEY_DOWN) != GLFW_RELEASE)
location[1] -= scale[1] / s;

else if (glfwGetKey(window, GLFW_KEY_UP) != GLFW_RELEASE)
location[1] += scale[1] / s;

/] ROADERE VOREZARD
if (glfwGetMouseButton(window, GLFW_MOUSE_BUTTON_1) != GLFW_RELEASE)

(HHE)
}
}

€3]
s

scale |7 — b RIEAERIZKET 2 IEBULT SA AR DIERFETT D, ZOZTNENOHE

Fh U ) REEERICT DT /5 RAJEFEROYLRFE s TEIIUE, 7510 AEER (EiH) o
1 BFESGOREIDESET A ZJEER FORED/ONET, Lo T, scale[0] /s BED
scale[1] / s & IEHALT /A RAEIER EOALE location DZENENOERIZEEIX, KEE 1 &
ROBHMT L ENTEET,

0 X L—XI[ZEIMNT

AN, ZOFETIEMBIZA L—RZBH TSN ET A, RAIF—%2M LBEICRFIX
1 BRESBEL, BELBRMICERL | BESBELE T, REOF—2M LT TuniXs—U e
— MEREEH W TR IEGIICEI S H L ETH, TR THLELNTIEH Y FHA,

ZHUEF—R— ROFXF—DA R "D, F—Z2 M U 72BRM C B L2 LvRE L s T
7, glfwWaitEvents() 14 X MR RELZEZIZT 0l T LAOFETEHHLETN, F—2ML
BT TVDIREETIIF— U B~ MEREDBI T TA XY MIRAELEEANL, ZRhE T/ a s
TAMMEIE LI EEITRD £,

ZIHWNH Z LA, glfwWaitEvents() DOV IZ, A X2 FDOIRAEEFEZ 720 glfwPollEvents()
ZROWIIEDNWE L2720 9, FEBE, glfwWaitEvents() % glfwPollEvents() (Z & & #2 2 1UiE, X
IR —Z2 L ZRE N5 R A —XICEHEHT L o172 £9,

/] 42 FOBEEDNE
class Window

(€9
/] D=V IT7EANBIATAANY FERYHT

void swapBuffers()
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/] W=\ T7EANEBEZD
glfwSwapBuffers(window);

/] ARV EERYET
glfwPollEvents();

/] F—HR—FORKEZHANDS

if (glfwGetKey(window, GLFW_KEY_LEFT) != GLFW_RELEASE)
location[@] -= scale[@] / s;

else if (glfwGetKey(window, GLFW_KEY_RIGHT) != GLFW_RELEASE)
location[@] += scale[@] / s;

if (glfwGetKey(window, GLFW_KEY_DOWN) != GLFW_RELEASE)
location[1] -= scale[1l] / s;

else if (glfwGetKey(window, GLFW_KEY_UP) != GLFW_RELEASE)
location[1] += scale[1l] / s;

/] ROADERE VOREZARD
if (glfwGetMouseButton(window, GLFW_MOUSE_BUTTON_1) != GLFW_RELEASE)

(HHE)
}

€3]
s

o HBRENET T

L2, 2T I TEROMMEDH Y £, gifwPollEvents() X771 7T AZ{E1E ZHERW
DT, F—=R—FOF—ZHELR<TH, BEHXTZHVRIToOTLEVES, 7=A—¥
2 U ETO TWVAEAIE TN THIERWOTT N, B &R IZE(LA 72\ O 2R R & 40 i
LATo TS & IEFNDLEEDEEF oo T LEVET L, WEKRBEHHHEE LT,

FITARVFORYHLEZ, F—Z2M L TV 50T glfwPollEvents() TITVY, F—Z L T
WR N E X (T glfwWaitBvents() TiT92 L9 LET, 20U X %, glfwSetKeyCallback() BE%L
RO BER LT —Z2 L e ST END 2 — ANy ZEETIT) ZLITLET,

FT. F—F— FNOREERFFT D A NEHL keyStatus #iB L, Zi#E GLFW_RELEASE
THE L £,

/] 42 FOBEEDNE
class Window

&1

/] T—IL REZERIIHT HERIET/NA REEROILKREOEL
void updateScale()

{
scale[9]

scale[1]
}

/] F—HR— FDIKE

s * 2.0f / static_cast<GLfloat>(size[@]);
s * 2.0f / static_cast<GLfloat>(size[1]);
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int keyStatus;
public:

// AVAKRSV A

Window(int width = 640, int height = 480, const char *title = "Hello!")
: window(glfwCreateWindow(width, height, title, NULL, NULL))
, scale(100.0f)
, keyStatus(GLFW_RELEASE)

{
(HE)
s

T T =3y T 7 DA ZFIZ A VB keyStatus ZFRX T, TANF—FH L T
& % 73 GLFW_RELEASE T & #U (X glfwWaitEvents() Z# FE OV L, & 9 TR iE
glfwPollEvents() ZFFOVMI L E£77,

/] D=V IT7EANBIATAANY FERYHT

void swapBuffers()

{
/] D=\ T7EANEBEZD
glfwSwapBuffers(window);

/] ARV EERYET

if (keyStatus == GLFW_RELEASE)
glfwWaitEvents();

else
glfwPollEvents();

(HHE)
}

FToF AR — FOBIERFICFFOH 9 A 2 3BH keyboard() % glfwSetKeyCallback() B%LIC K
Da—nnNy 7B E LTRELET,

/] 242 FODY A XAEBRICHFUHTLEDER

glfwSetWindowSizeCallback(window, resize);

/] RIARA—VIRERICHEUHE T NEDEF
glfwSetScrollCallback(window, wheel);

/] F—R— RIS T LB DS
glfwSetKeyCallback(window, keyboard);

// SODAVREUAD this KAV ZRBELTHL
glfwSetWindowUserPointer(window, this);

/] W1 Y RODMEAERTE
resize(window, width, height);

// EROERIET/NA REZERETOREDMEE
location[@] = location[1] = @.0f;
¥
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GLFWkeyfun glfwSetKeyCallback(GLFWwindow *const window, GLFWkeyfun cbfun)
BEENTZ V4 R L THF—R—FOF—PEIESNT L ZICFETT a7
BEARELET, RVMEEL LTLUANCREISN TWea— Ay VREEORA o Zin, a—
Ny 7 BBDSBRE STV R U NULL 2R L £,
window

KIGDT 4 RTD/N R,
cbfun
FATTHEBDORA 2, NULL 2 5BERE SN TN D a— "y 7 B HIER L £9,

5% cbfun (TR ET AL, ROBANTERLET, T 2 TIEEE4A % keyboard() & L &E
‘?—O

void keyboard(GLFWwindow *const window, int key, int scancode,
int action, int mods)

&1
}

window
¥F—AR— FREOXR L2512 4 RUDANY R,

key

BIESNT-F—, ZhiL glfwGetKey() D548 key IZHRETDHHD LR L TY,

scancode
BlEShEF—DAF Y ra—F, ZOMEEIT7 v 7+ —AIKFELTVET,

action
F—&M L7 L xI2iT GLFW_PRESS (1), BEL 7z & (21X GLFW_RELEASE (0), F—U
v — MERENME 72 & X 121X GLFW_REPEAT (2) MM E 4,

mods

key & [ERFIZHR L7 Shift 7o EDET 7 74 7 (Effi) ¥ —, Shift ¥ —2REFHZH I
TVl GLFW_MOD_SHIFT (0x0001), Ctrl % —{% GLFW_MOD CONTROL (0x0002),
ALT % —|¥ GLFW_MOD ALT (0x0004), Windows ¥ —<X° Command & —72 ¥ ® Super
¥ —I%X GLFW_MOD_SUPER (0x0008) % — T, #HEODET 4 7 7 A 7 H®—ZEFIZI L T
W5 EET, ZnHDOE Y MaESEMIILET,

ZOBSbL ANy VR E LTHWET D, FOA BB LET, Lo T, Z
Lt glfwGetWindowUserPointer() Zffi> CTA A X L AD this RA VX ZWOVH LT, 42 A
BUADAANERIZT 78 ALET, I I TG action (TS Lz —DIREEZ £ R
B AD A NEEL keyStatus ITIRA L ET,
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/] 942 EoDY A XEERFONE

static void resize(GLFWwindow *window, int width, int height)

(HHE)
}

/] RIRRA —)LIRERONIE

static void wheel(GLFWwindow *window, double x, double y)

(HHE)
}

/] F—HR— FEERFOLE
static void keyboard(GLFWwindow *window, int key, int scancode,
int action, int mods)
{
/] SDARBEURAD this KA U2 %7FS
Window *const
instance(static_cast<Window *>(glfwGetWindowUserPointer(window)));

if (instance != NULL)

{
/] F—DREERET S

instance->keyStatus = action;

}
s

BYLT)ILTOY 5L stepl2
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Rat
Y

7.1 THERMHE
711 BERERTOFIE

OpenGL (2 X2 MER R TIX, EB(LT A REFER FICRESNTWDZ Y v B 722/
DITAMTTEITZ ) v B 7S, BIZIEFRREINETA, LTER-> T, EEORE DK
BaRRTHITIE, ZOREEL 7V v U ZERICIE D X D ISR/ & SEATBE 21T 5 M3
W FET, H6mTIEL, MBELED ETIXELEMR K METHLZEnb, ZhEs
Wi 7R TiTo T L,

LirL, il L KD T MR EMRMELR > T\ 758, ZOXHIRTFr—FT
ETITIRB N B R < 2> TLEWE S TT, £NIZ OpenGL X, ARITZ=RcEOFRR %
179 APl TY, ZRILOXIEZ _RILDOZEM TH Dl LIZERRTHI121E, S 6LV D
JUER BT e 0 T,

DI E GO ZRTRERRICOWTIE, BHITEERZRFIEREZZ b TWET, —KIC
TT7 4y I ARRORNGLRHHNOT — 21X, BEO [ THRELTWET, i
ZEMIFRIC TR ) 22812k oT, =R LET (M 66), 20 IEMMOELE] O7=Hd
JEREAE WA BT IIVEBRE VO ET, RIS, AR E SN — U E AT OMEBEND R &
DEFEFECEBELET, ChEEa—FREVWWET, £ L URBICEEERZIT- T, v — v %
27 V= DOIEHET N A AJEER BICEE LET,

n
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RE
T~
J&BDD
—>
RE
X 66 HRinDECE
IO DT, SRS IATE T V- 2 — BB S WOIEIC TP A DT, Zhb

DFMPEE RN T T A LR TZENTEET, 20D, ThEDFTAM)RATS42L
MEAZERHDET, HOTE, ZOUHRETFA NIV EaftiFonERHON—FY
=T TIToTWELE (EHIZZEDORHNE CPU IZXLHY 7 hU =TT LT),

BIED GPU TiX, AR NI T ITA L ENR—T v I AV 2 —F Ll =—HT a0l T A
ELTRELES, AT w7 AV =—FFHEHANRNY 77 AT V=7 MBI TV TEAR
PEZZITIRY . 246 ORI X EBLEE R EOEIEEZ RO T, TN ERDO AT —
kY £9,

I’
R
A
9
2
7

MERNNS icd FH
kLo BT
I EQUTE SN

67 THRAQAEDN A ST A

712 ETILLEH

UV EMRT DM (K7 Y2 FEMENET) I, e IME OEERTER I LT
F9., ZOEEREZAO—DIVERREVWET, =2l T 5121E, ZOEMDOIENHRER
HWR7R L%, U —)V NEERER LRI D2 H— D RICKE L ET, E7 VAT, Zor—7h
JVIEERE RN D U — )b REEEE R~ DR ATV ET (X 68),

BT VEBHITEG Z EICRE L E T, EFIERO XD RBEEEENHILT. ZOLMBEH
JEENZ AR L CEITLE T, BT NVEBRBITT X CTOEBNY —/L REER FICFELET,
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O—hJLEER O—AhJLEER O—AhILEZER

J—ILREEER
68 BT NVEHL
713 Eai—%i#
T —)b REERE R TR S T2 v — v OFLENLE D D R G 2 VERLT D 72 i, S & e b
T ORI RIS — o RRE REA L E T, Ea—FHIEZ 0T —/b REEEER D O PR

F~DEBEITONET (K 69), 2B, ETNVEHLE E o —EBHITEE — DD REEEBRIC AR S
NET, COEREHZETILE A —FTHEE WV ET,

J—ILFEER RRERR
T

69 Yo —KH

0= W VERE R, UL REESR, SLREER, BLOAZ U - OFRZ, 70 IR L&
B
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BRRERR
H—HhJVEFRR

z

A7z

O—7nVERR x 7L REEER

70 5 EERE R O BALR

714 HJBELH;

BB RICEBE SN — v H A7 ) — TR T DA M A BEERR (Projection) & WWVE
To TART LA ORFREIRITARTTNE, TICBD—r OZEMBRESNET, Z0%
M2 RARE (View Volume) &N ET, BWARIL, Z0EME, TLAKAICHY LORS
2N 2 DNITIRDZER T HIZBHERIRTE (Canonical View Volume) ([ZAF L E£4 (¥ 71), Tt
SWED s ) v BV S THY . H )y E S EM (Clipping Volume) & & FEIEET,,

184KTE (View Volume) BEPHEA (View Frustum)

RERKR

(Canonical View Volume)

2

|_§Q‘1+ §:]‘ﬁ. X'TV

(Orthographic Pro;ection) (Perspective Projection)

71 REEH

IRMERUATE~ DL, ZHATORARICE T R 2 AW 2i5a L, MAMeEZzHW 560 -
WY RHY I, BEFRZHONITERES (Orthogonal Projection) & 72V £3, — K., MMAH#H
ZFWIVUTERIEFS (Perspective Projection) & 720 3 (X 72), 7o, Z O MMAHEE ORI
KriZf88E (View Frustum) & PFEIENE T,
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EXXF BIRRF

B 72 EREE L BRZE
7.2 ERERZ
721 T4 UL
55 6 B TIT o TWIZIEKHME/ N2 & ORUE R L SFATBEI OM A DEIL, —MRICT 7 ¢ 4
ERFENET, —RIEDT 7 4 VEBITRO L OICRT ZENTEET,
x' =ar+b (1)
ZHUE x & oa fFLT, b EITEATRBE L ET, FERIC, ZRot, ZREOEEIE. FhEn

WD X I £,

T = Qg T + ayyy + by
r_ b (2)
Y = Ay + Qyyly + Oy

Agpa® + Qygy + Azz2 + by
Azy® + QyylY + Qzy2 + by 3)
Qzz® + Gy + az2 + b,

2
’

Yy

o

TS &, N B) ZROLIICES ZENTEET,

' Qry  Qygx Oz x bI
Yy = Ary Qyy Qzy y |+ by 4)
2 Qpz  Qyz Qs z b,

722 RREZFODEA

77 4 AT @) IRT RO BIBPABROREPITBE LD LTRTZENT
TFET, L, BMEMOMARDLETIE, HEOT 7 4 VEBROEGREREZFT 2 & BN HEENC
D FET, TIT, 5,1,z IZH) = DOEEBEMLT, ROXIIIRT I EE2ELTAHAET,

/

T Oze Qyz Gz by T

y' _ | ey ayy axy by Yy (5)
2 Ag> Gy. Qz» b, z

1 0 0 0 1
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IO xyLz bR Q) ERLBDICARY £F. ZOXIIIREIE, BROEREATHIORD 7
TRYZENTEET,

RIRERR GFURERR) £, 3N (5) DL, REL LD T DEMORITL Y —2Z N HEDH
THAE (RMOMLE) 2ETHOTT, Rk d =208, KR LMOOK THEELE L=
T WHOZYTEOME CSIIBREZ LIPS LI LED) & (), ) ERTLEE Th
&L EORRELE (x,y,z,w) & ORITIE, RIREROERIC LY ROBERIS Y £

o = Z

w

sk y
yo= 0 (6)

. z

2= =

w

L7l o T, WHEEEN (x,y,z) THIURX, ZTORWREEL (x,p,2,1) 720 FEF, /=, [
WHFEDOMNSHOESE w 28 0 ([ZIEDTIE, £ OBEFEELEI (x, v, z) HROERREIZ > TR
L ET, FREBE (x,9,20) 1T (x,y,2) OFHOMEREL T,

= (z,y,2) D& (7)

RS I S )

= (z,y, z) DEERE (8)

o v e &

[FIREREIZ A 7 — B2 8T Th, BHERITIED Y FE A,

€T axr
Q ar a az €T z
al V=] W s (B ) (2 22) ©)
z az aw aw aw w o w
w aw

CG T, HDEMBRIO ST D HRHEALARYZ MV ERDRTIIER 20N ERELH
DET, Wk, A Py, Py ONLEZ ZIVEFLREIREE Py = (xo, o, 20, Wo), P1 = (x1, 1, 21, wi) TZH
FTEX, Py D Py IZAN DY PUIE, ENENOEE EIELZ RO CEEROE T,

$1/w1 wo/wo ﬂfl/wl - wo/wo

Py Py _ Z/1/’UJ1 yo/wo _ y1/w1 - yo/wo
_ — _ = (10)

w; wo 21 /wy 20/ wo 21/ wy — 2o/ wo

1 1 0

INTEE wy >w DEBLLENN 0 OLIITHETERVOT, WL wow, ZET T#Y
LET,
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WoT1 wWi1To Wox1 — W1To

woPy — w Py = WoY1 w1Yo _ WoyY1 — Wi1Yo (11

Woz1 W10 Woz1 — W1zo
WowW1 w1 Wo 0

X (AD) FSIERICEIVUSEOEFEN 0 1T 2DDOT, EREA LRV 3, ZOFFEFIET
IE. Py & P OELLN—FHONUSHDOERN 0, TROLEREICZH > THLHATITEITO M
ERHY FHA, £, TOFREIIZZETHVREZLEL LR2VWO T, LBEHEO S THAF]
TY, ZEES LT, BBFHE LR EICHVET,

RE. TFREERE (xiyizow) OFUE, TRRNETEFIELE (v, ,20) O w ZERE L LELE
AT E PN £,

T w; T} dwizy

Yi -y wiy; | _ | Zwayi :><Zwi$f > wiy; Zwﬁ) (12)
i=1 “i i=1 Wiz 2wz Swp T Ywp T Y w;

w; w; > Wi

7.3 EHTSI

7.3.1 FEIRERDEZREHR

X ) OT 7 4 UEBRTIE, X7 FARITHIO—HIZ 0 ° 1 OEENA->TWELE, 22
TIE &V R 72 IR FEREZ L A JEEEHC DWW T E 2 TAhAET, RIREETE I SOME
v OEHATH M I K DFEREAH vi=Mv X, X (16) DL rickTZenTEET,

i
y

v=1 . (13)
w
x/

/ Yy

vi=1| (14)
u)/

M = (15)

z’ mog M4 Mg M2 z
/
Yy _ mip M5 Mg  M13 Yy (16)
4 ma Mg M1 Mg z
’U), ms mry mi1 mis w

ZORT RV v OFEFE (x,y,z,w) ITRKICE ko b5 E T,
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~

X = Mg + Mgy + Mgz + Mmiow
Yy = mixz + msy + mgz + mizw (17)
2 = Mmox -+ Mg Yy + Mgz + Mmuaw
w = mzr + mry + mpz + mppw

L7eRoT, X7 ML v OFERT, ATH M OFATEEFELT L7 e v ONFEICZR
DET, &I X =(momsmgmyp) * (xyzw) L7220 FET (K 73),

@Y
Yy 1 M5 My
4 mo  Mme Mip

!
w 3 M7 Mmii

X 73 1A &7 RV DOFE

® OpenGL D ZE#1THI

ﬁ(w)_rbt4??4ﬂ@ﬁ@ﬁﬂi(mmm;@r EEWOIEAR LI HH DT, GPU T
T AT O 7212, CPU Il H GPU NCHZICIE S VE T, 7272 L, 178 &BLAIERITHE
WMT AHBRICIE, B OEZRDIAFIIITIIOERONEF 2 BRMNFEEEE L7202 0 £97,

GLfloat m[] = {

mg M4 Mg mi2 mg, mp, My, M3,
M — mip Mms Mg  Mi3 my, Ms, Mg, M7,
mg Mg Mio Mig mg, Mg, Mygs Mips
mg My Mi1 Mis myp, My3, M4, My
s
TIlDFRE Fe5l D E R DIBMIER

74 fTHIDIRFC L ELFI D ER OEMIEFF

® T#ITHIM Y 5 A Matrix

COEBATHN RV D 7 T A Matrix . Matrixh WISy X T 7 A VICEZRLET,
private A > /NOELH] matrix [ZEHATHI A RFF L £ 7,

#pragma once
#include <GLFW/glfw3.h>

/] E#175

class Matrix

{
/] ERTIDER
GLfloat matrix[16];

TIFN AV ARNT I ETIHTE LER A, ZOIENT, BBRITHIONRE ZES oL
HI2bDarANT 72 EAELET, ZOENT, BHEITHONE L TWBESIORA
YEERY T data) EWVWH A Yy FEHELTEEET,
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public:

// AVAKRSY A
Matrix() {}

// BEIORNBETHNHIELT SRS 4
// a: GLfloat E®D 16 EEDHAEZFI
Matrix(const GLfloat *a)
{

std::copy(a, a + 16, matrix);

}

/] EHITHIDERSIERT
const GLfloat *data() const
{

return matrix;

}
};

7.3.2 BLI1TH

BNATYNIS AR 5 1, 580 O A 0 OIEJATHITTY,

(18)

o O O =
S O = O
O = OO
= o O O

® HETHZEHEDA VY

Matrix 7 7 AZHNATHIEIED identity() &\WVH A Y » REBIMLET, N7 72405
FEONHHE D X 912, static A Y v FIZ LE9, Matrix BLDEH D A L /3OEH] matrix DI T D
FHEAZ—H 012L, TORICHAERIZ 1 ZRALT, ZNERVMEE L TRLES, T
YTV —18TFA4T7Z VD fill 9 DT, argorithm % #include L ¥,

#pragma once
#include <algorithm>
#include <GLFW/glfw3.h>

/] EHBATH

class Matrix
(€19

// EBRITHOERY FIRT
const GLfloat *data() const
{

return matrix;

¥

// BEi{T5E1ERT 5
static Matrix identity()
{
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Matrix t;

std::fill(t.matrix, t.matrix + 16, 0.0f);
t.matrix[ @] = t.matrix[ 5] = t.matrix[10] = t.matrix[15] = 1.0f;

return t;

}
}s

733 F1THE

SONLE % BUIEDNLEDN D t=(t,t, 1) B2 & 2 AIFATBEIT 2 B 8175 T(t, 1, 1) 13,
WD X HZ £7,

1 0 0 t,
B 1010 ¢
T(t)_T(twatyth)_ 0 0 1 tz (19)
00 0 1
W ERE (x,p,2) [ZHT D ZOEBITINC XD EHIT, RO X920 £9,
1 0 0 ¢t x T+t
0 1 0 ¢t Y Y+ ity
0 0 1 t, z z+t, (20)
00 0 1 1 1
T(7,8,0) &\ HEHL, X 75 DL DR FEATRENCR Y £,
Y Y1
T(7, 8, 0) -
8
- E i 7 |
X 75 FITHEH)
FIRIEFREDOIS>HDEFRNR 0 D L EiF, ZOEBRORELZITERA,
1 0 0 ¢, x x
0 1 0 ¢ Y . y
00 1 t R il @n
00 0 1 0 0
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® LIBHOEMRITIEESI AV Y K

Matrix 7 7 AIZH8 X, y, z THAZONTD T ATREN T 2 E8ATHIZED A Y v K&
LET, ZHb 7 72NN LIERHES X 51T, static A Y > FIZLET, FATBEIOLEITS
X, 19 L0 (15) OEBITHNDOEFZD mip 12 xo mi3 12y, mg 12z #RALTELD2R
DT, Matrix BOEHITH|Z BAATHITHHL L7z, A 2/ 3OBFIZER matrix D 26 O
FIEERALET,

/] EHBATH

class Matrix
(€19

// BT EERT S
static Matrix identity()

(HHE)
}

/] (X, y, z) EITETHET 2EBTIHZEZERT D
static Matrix translate(GLfloat x, GLfloat y, GLfloat z)

{
Matrix t(identity());

t.matrix[12] = x;
t.matrix[13] = y;
t.matrix[14] = z;

return t;

}
s

7.3.4 HLKHEN

AOREE | B TN s = (s 5 52§55 5 ZHITH S(sp 5,50 13, WO E S22 £,

s, 0 0 O
0O s, 0 O

S(s) = S(sz, Sy, 82) = 0 Oy 5. 0 (22)
o o0 0 1
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76 HEIHE/IN

ERFEE s,=s,=s.=a & LIEGHE w BROIKREL Va & LIEEE L T, @ EET
HFHLL R ET,

a 0 0 O T ax

0 a 0 O Y . ay

00 a 0 . = s = (ax, ay, az) (23)
0 0 0 1 1 1

1 0 0 O T T

01 0 O Y . Y

001 0 p = z = (az, ay, az) (24)
0 0 0 1/a 1 1/a

® KM NDEMITINEERTHA VY K

AT E) & FERIZ, Matrix 7 7 AZ513L x, y, z TH X N0 T IERME /N 5 EH#IT5 %
EDAYy REZBIILET, ZNE 7 7 ARG ED L) IT, static A Y > FIZLET, &
KAa N OEBATHNL, X (22) LV K (15 OEWITHIOELED my 12 x, ms 1Ty, myp IZ z &
AL H D720 T, Matrix BLOBWITHN 2 HAATHITHIHUL Lz, A OEFIZERL matrix
DINHDOEREERALET,

/] EHBATH

class Matrix
(€19

/1 (X, y, z) EITETHBET 2EBTIZEERT S
static Matrix translate(GLfloat x, GLfloat y, GLfloat z)

(HHE)
}

/] (X, y, z) fBICHRKHFENT 2EBITHZERT B
static Matrix scale(GLfloat x, GLfloat y, GLfloat z)

{
Matrix t(identity());
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t.matrix[ 0] = x;
t.matrix[ 5] = y;
t.matrix[10] = z;
return t;
}
}s
7.3.5 HAKE

HAWHITER DR DSR2 D AN Z NPT L SIELLERDOZ L2V NET,

yk
| p—— - - - -
0 I
|
|
|
|
|
|
|
] ‘
0 s 1 X

77 B AW

ZHVUTEREE D B D OMEITAR I E N T - b O E B OENIINZ 5 Z LIk > TEBRTXET,
77 T y JEEEEIZ s 20T b0r x EEMICEL TR, X Q25 TREINET,

H,,(s) = (25)

o O O =
OO = w
o= o O
= o o O

ZOEMT x,y,z OFEIIK L TENEN DT OEREINDLDT, B TROHD £,

1 s 00 1000 100 0

01 0 0 01 s 0 01 0 0
Hoy(s)=| g 0 1 0 He()=19 01 0 Hoa()=| 5 01 0
00 0 1 00 0 1 00 0 1
1000 1 00 0 10 s 0

s 1.0 0 01 0 0 010 0
ny(s)_ 0 0 1 O sz(s)_ O s 1 0 Hacz(s)_ O 0 1 0
00 0 1 00 0 1 00 0 1
(26)
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7.3.6 [EExR
o FEiZEhth DD EER

IROEHIIRONEEZTNEN x, y, z OEEFHEZ PLICEEELET,

1 0 0 0
0 cosf —sinf O

R, (0) = 0 sinf cosf® O @7)
0 0 0 1
cos@ 0 sinf O
0 1 0 0

R,0)=| _ sin@ 0 cosf 0 (28)
0 0 0 1
cosf —sinf 0 O
sinf cosf 0 O

rR.0)=| "7 T 1 . (29)
0 0 0 1

¥ < Do ¥

9 F

Z Z @9

x B O\D[OEE R (9) y @ 0D[OlEs R, (9) z O D[EER R(9)
78 FEAEEA O OEIES

o EEDEF LD EER

FHWEsE (I,m,n) e LCOoEERT 2 E875IE, AL vRkddrZncxEd,

R(l,m,n,0)
24+ (1—1*cos  Im(l—cosf) —nsind In(l—cosf)+ msin@
Im(1 —cos) +nsinf m?+ (1 —m?)cosf  mn(l—cos) —Isind
In(1 —cosf) —msin® mn(l —cosf) +1Isinf  n?+ (1 —n?)cosb
0 0 0

(30)

= o O O
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¥ (l,m,n)

79 B 0.0 O EER
o FENEHPLDDEEDEBRITIEERT AV Y KR

X (30) DEHBITHE/ED A Y v RE& Matrix 7 7 AZBIMLEST, 20XV v RiE51¥ x,y,z
THZX LN T MAVEENZEIE a 72T EHRT 2 B8TH 2R L ET, BFET74 77V B
sqrt() Zff 5 T, cmath % #include L7,

#pragma once

#include <cmath>
#include <algorithm>
#include <GLFW/glfw3.h>

/] AT

class Matrix
(€19

/] (x, y, z) ZH#IZ a BEY LTI ZERT D
static Matrix rotate(GLfloat a, GLfloat x, GLfloat y, GLfloat z)

{
Matrix t(identity());

const GLfloat d(sqrt(x * x +y *y + z * z));

if (d > 0.0f)

{
const GLfloat 1(x / d), m(y / d), n(z / d);
const GLfloat 12(1 * 1), m2(m * m), n2(n * n);
const GLfloat 1Im(1l * m), mn(m * n), nl(n * 1);
const GLfloat c(cos(a)), ci(1.0f - c), s(sin(a));
t.matrix[ @] = (1.0f - 12) * c + 12;
t.matrix[ 1] = Im * ¢l + n * s;
t.matrix[ 2] = nl * c1 - m * s;
t.matrix[ 4] = Im * c1 - n * s;
t.matrix[ 5] = (1.0f - m2) * c + m2;
t.matrix[ 6] =mn * c1 + 1 * s;
t.matrix[ 8] = nl * c1l + m * s;
t.matrix[ 9] =mn * c1 - 1 * s;
t.matrix[10] = (1.0f - n2) * c + n2;

}
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return t;

}
s

7.4 KEOERK

741 BROXBOBEHEDLYE

BEOEBOERIT, BHITHORBTERITZLENTEET, & 21E. K 80 DL HiC x FA
I 4 BEHLZ%, y AIC 3 BEy T 2488UL, X G ICRTH-OERITHITRT Z LNT
xET,

T(4’ 0’ 0)

80 BH#D AR

1 00 0 1 0 0 4
01 0 3 0100
T(0,3,00T(4.0.0) =1 5 ¢ 1 ¢ 0010
00 0 1 00 01
31

1 0 0 4

01 0 3
=10 o1 o |=T@30

000 1

® TINEERDLEETF

Matrix 7 7 AZBWTHEOHEE T * ZIRO X IICAH—1"—TF 4 RLT, BHROERIZHWD
1THIOFEERD D L 912 LET, OpenGL TIXITHIDELAINATIZ LT BiinE L72TE THRM S L
TWAZERZEZRBLTCWET, ZHIEA TV 27 FEEREZEFELRWO T, const A Y v RiTL
ESC

/] TR

Matrix operator*(const Matrix &m) const

{

Matrix t;

for (int j = 0; j < 4; ++j)
{
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for (int i = 90; i < 4; ++i)
{

const int ji(j * 4 + i);

t.matrix[ji] = @.0f;
for (int k = 0; k < 4; ++k)
t.matrix[ji] += matrix[k * 4 + i] * m.matrix[]j * 4 + k];
}
}

return t;

}

2L, THE=EONL—ZhoTWHDOT, XD LAIZRD 3, LI TROLD
WEFIL, VT E—EICTEET,

/] TR

Matrix operator*(const Matrix &m) const

{

Matrix t;
for (int i = @; i < 16; ++i)
{
const int j(i & 3), k(i & ~3);

t.matrix[i]

matrix[ @ + j] * m.matrix[k + 0] +
matrix[ 4 + j] * m.matrix[k + 1] +
matrix[ 8 + j] * m.matrix[k + 2] +
matrix[12 + j] * m.matrix[k + 3];
}
return t;

}

7.42 RHAZE#:

L2 52 E A, EDTD, ZOZOEMRE DY LR

i

AT E) & BRI, SLIEDOTARIZ
(TR ZE S & P E

oo Ti0 T20 tx

t
M = T(t)R(l,m,n,0) = :g; jji :;; ;. (32)

0 0 0 1

Lo T, TO MIFEHEEOEHITH] R L PATEHONZ FL t THRSILET,
- To0 Ti0 120 o R t
R=1| 7m701 71 721 |, t=| ty = M= (33)
To2 Ti2 T22 2% 0T 1
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743 EEDRZEHDICLI=RER

73.6 TR LEEHROERIT, WIS FEAZ@ELIHETLE LD TLE EEORE A%
W52 FLICEEE T A I21E, — B2 O R EFURICE T EITBEN 21TV, BlE L7212 IC e O E
WCRT VB ATV E T, ZHITRO =D EBO G ZEH M =T(p) RA(6) T(-p) T,

M = T(p) R,(0) T(-p)
81 ERO A% L LT 5 EiE

744 EEDRZEHDIC LKA/

7.3.4 TR LT KM/, JRRZEEIC L TWET, 207D, SERM/N 21T 9 &7 5 KR
RN TWno &, MIBREDOMEOE>TLENET,

Ya

X 82 HERHME/IMNZHE S K OBE

M2, £ OMEOAME TILRT D 72OIiE, JERME/NEZAT O BRI R 2 KB O EICE T
MERH Y T, TIUTEESDBFERICR D X IR Z FATBEI L, £ O®%RICILKHE/N L T,
TOMBIZRT Z L TEBELET, ZNIRD ZSDEHROERLER M =T(p) S(s) T(-p) T
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l A v

M= T(p) S(s) T(-p)
83 EEDEHERIT L DKM/
7.45 HEHRBANDHEKHEN

734 TR LUTCIERME/NE, £72 x0 y. z OFENEAOEG AN DIEKME/NLAMTH 2 &
INTEEE A, EEOH AR LTI/ NZAT 5 722, 20 ma—H x, y, z #iom
B DETOLILKRMNEITV, 20N DM EICRLET, WE, #X7 ML xyz) ZZh
FAU (rst)y HFEICREET B8 8ATH % F., s, se. 50 ZCIEI X, y, z G RIOIERE LT 5
PRGN OEHATE S T B L&, ZOEHIT M=FSF' L7320 £,

r s t O
F= < 00 0 1) (34)
s, 0 0 0
0 s, 0 0
S=1 10 0 s 0 (35)
0 0 0 1
sk’ y slk Slk sk ylk

p T
0 r 0 r O x

R X
M=F S F7T

84 HFIE J7 18]~ DHERME /I
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746 FA45—%#

JF sz & LIAEEOEEEL, x,y,z D =008 LoEiEA AR L THRT LN TE ET,
ZDOEERZRTHFPOLOEERA DHEA A T—A LV, ENHICL > TRINDEHEO L
EFAS—ERENET

d) heading

roll pitch

X 85 A4 F—F

BRI EBATH O TR INE T, THIOBICIIZHIERINKL Y ST bEF A, LN
o CHA 7 —EWOFRERIL, F#P L OREEREZ AR T DIEFIC L > TR LET, 2 2Tl z i
HL D[RS (roll, bank) — x #HL.L ORI (pitch) — y #lH LD [El#E (heading, yaw) DJIEIZZ
I Hrb0LLET, £, ENENOAEE r,p,h TRLET,

e 1:roll, bank (z #i /.0 D[R )
e p: pitch (x Bl D[RR F)
e h: heading, yaw (y #4000 1A fh)

ZDEE, AAT—EMH Eh,p,r) TR TEEINET,

E(h,p, T) = Ry(h)Rm(p>Rz(T)

cosh 0 sinh 0 1 0 0 0 cost —sinr 0 O
. 0 1 0 0 0 cosp —sinp 0 sinr cosr 0 O
~ | —sinh 0 cosh 0 0 sinp cosp O 0 0 10
0 0 0 1 0 O 0 1 0 0 0 1 /@36)
sin hsinpsinr + coshcosr sinhsinpcosr —coshsinr sinhcosp 0
. cospsinr cospcosT —sinp 0
"~ | coshsinpsinr —sinhcosr coshsinpcosr +sinhsinr coshcosp 0
0 0 0 1
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e Uu/nNayy

FAT—HDIG, p= n/2 DEEEBEZET, TOLE sinp=1,cosp=0 275D T, K
(36) IFKD L ST £,

sinhsinr + coshcosr sinhcosr — coshsinr 0 0
0 0 -1 0
E(h,7/2,r) = coshsinr —sinhcosr coshcosr + sinhsinr 0 0 (7
0 0 0 1
ZhUE, IMEEREICEY, ko X HlIcESBIONET,
cos(h—r) sin(h—7r) 0 0
0 0 -1 0
B(h,m/2,r) = | _ sin(h —7) cos(h—r) 0 O (38)
0 0 0 1

OB h-r EWOH—OMAETREIND, OO LHEHETT, 2D r & h
DOELLEEEEIFETHRUEHRIZZRY, HRHENS =D TLENET, p= n/2 OREERIZ X
ST r OFEERE (z #il) 25 A OREEEE & LEd, ZoBHLEZDoLO099 L nnET,

o MEEEMITINOA A S—ADEH
B 5 RIS HITE] M INA A T —2H E(h,p,r) 12 ESbDTH-TmELET,

mo Mg Mg  Mi2
my Mms Mg M3
m2 Mg M0 Mig
m3 my7y M1 Mis

=E(h,p,7) (39

mi & oms OGN, r ZRODH LB TETET,

myq = cospsinr

= 2
m5:cospcosr} — 7= atan2(ms, m) (40)

FIRRIZ, mg & myy OBEBRMNG, h ZRDODDHZ ENTEET,

mg = sin h cos p

Mo = cos h cos p } —  h = atan2(myg, mg) 41)

piE mg MHRDLHZENTEET,
mg = —sinp - p = asin(—my) (42)

722U, m=ms=0 OL XL cosp=0 72DT, p= *xx/2 L7V FEF, ZHFTV ey
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IRRELTHDIRETHD, X 40) X @) Trh 2RO ENRTEEEA, T
BliE. 2T =0 L, my & muy OBBLL, h ZRDDZZENTEET,

mo = cos(h Fr)

my = Sin(h F 7’) } - h= 0’ r= _atan2(m07m4) (43)

747 EHRODOIERF

EHDOERIIATIIOR TR SN E TN ATHIORII LB DOIE R SEb E/ A, LIeh» T
[F CEBATI 2 G L7 5a T TONRFA R UT, ARAORRIZR LRV 3. K 86 @
BITIE, EFBEZEHEL T 5 x @AM EMTTEOUBICR Y £325, x @7mics & i
ELTHbEERT 2 LEEE LRI £,

y vt vt
/‘\ - o
R 0 : LS® 0 X

y vt vt
: LG 0 : RO 0 X

B 86 ZHDIEFFIZ & 5B RELDFERDEN
7.5 EHRATHIZ o - EERER
FNTIE, BOETIHER LT v T Lk, BHRITH 2o ToBIEEMTEREEL THET,
O N—FTYHRVI—HEDY—ARATO4Y 5L pointvert DEE A

JEREIEHUI N —T v 7 A == Z TITWET 0D (ER LIZ BT 2 v = —F T 0 7T KT
BT HENRH Y £, TAE TIL size, scale, L location &9 =D uniform ZH % -
TEFELEN, Zh% model V) —D0 matd B> uniform ZHIZE 2 F7,

N—=T v 7 Ay = —F\ZBIT 2 IREWE, ZWATH 248 L7 uniform 28080 % TH RN ELZ 3R
L5720 TY, Tz gl Position IZfRAL ET,

#version 150 core
uniform mat4 model;
in vec4 position;
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void main()

{
gl _Position = model * position;

}

® A4 >T70O45 5L (main.cpp) DEE S

Matrix 7 7 ADEFRZ LR L7z~ ¥ 7 7 AL Matrixh %, main.cpp @' T #include L F
ED

#include <cstdlib>
#include <iostream>
#include <fstream>
#include <vector>
#include <memory>
#include <GL/glew.h>
#include <GLFW/glfw3.h>
#include "Window.h"
#include "Matrix.h"
#include "Shape.h"

main() B TIE, TNFETHE-TWIEAA—FT v 7 A = —H D uniform £H size, scale, 35 X
W location DXV |2 uniform 244 model DYiE 70 V7 A4 7V =7 N BROHLET,

int main()
(€Y
/] TRAGSLFTOxH CE#ERT S

const GLuint program(loadProgram("point.vert", "point.frag"));

// uniform EHOBEHRZIWMET S

const GLint modellLoc(glGetUniformLocation(program, "model"));

/] BRT—2 KT S

std::unique_ptr<const Shape> shape(new Shape(2, 4, rectangleVertex));

INFETY = —HFTITo TCWIIERHME/N (scale/size) % . scale() A v K&~ CTEHLITHIIC
B & 2 T, Matrix RO scaling (S L 9, F 7o, position (2 X D FEATBEIOEHL
translate() A Y v K&l > TEMITHICE X # 2 T, Matrix B DOZH translation (TS L £ 97,

TOTOEFRRL, AR LIELHE Matrix TLOZEH model (TN L £, % LT model @
A SORBLF| matrix DARA K % data() AV > RTHY H LT, glUniformMatrix4fv() BI%k% fif

STNA—=F v 7 AL = —X D uniform Z¥ model I[ZREL E 7,

/] 74 FIRRANTVSERYIRT
while (window.shouldClose() const == GL_FALSE)

{
/] D4V EROEEET S
glClear(GL_COLOR_BUFFER_BIT);

/] x—FT075 LOFERARE
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glUseProgram(program);

/] BRRFENDERITHERD D

const GLfloat *const size(window.getSize());
const GLfloat scale(window.getScale() * 2.0f);
const Matrix scaling(Matrix::scale(scale / size[@], scale / size[1], 1.0f));

/] FOIRBOEBRITIERD D
const GLfloat *const position(window.getlLocation());
const Matrix translation(Matrix::translate(position[@], position[1], ©.0f));

/] ETIWVEBRITHZERDS

const Matrix model(translation * scaling);

// uniform ZEHIEZETET S
glUniformMatrix4fv(modelLoc, 1, GL_FALSE, model.data());

/] HARZEHEYT S

wireRectangle.draw();

/] D=V IT7EANBRIATARNY FERYHT

window.swapBuffers();

YT TO5 5L stepl13

void glUniformMatrix4fv(GLint location, GLsizei count, GLboolean transpose, const GLfloat
*value)
BREFEHY O = —% 71277 5O location |ZHHE L72 index @ mat4 BD uniform ZE3IZ
GLfloat I DELFNIZEE value DEZFHE L £,
location

EZRET S matd BLD uniform 23D index,

count
AXET 2 uniform £ mat4 BOESIO L & FOEEK, BEAITRITAE
transpose

BoH A 2 nE L TR 2541 GL_TRUE, f5& L 72\ 5A1E GL_FALSE, L7223 - T,
Z#E GL_TRUE 274X, BLAIDOERONATF 2 EHATH E —BSE L LNnTED (M
74 ZH),

value
FRET S GLfloat BLOFFIER, matd BUE 4 17 4 FID float MO R % FFO17H|72 DT,
GLfloat B D FFE % count X 16 il & SELFIZIEET 5,
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76 EXEFROLHR

761 EENY MLOEH

HWIERT 5 ZDOOBMRY MV i, k" ZliE T 5EER EORONE p &2, 2 OFEE
REFRELET D, MOBELT L ZOOBAY MU i, j,k 2l e 3 2 BERICE T LA K
DET, ZOEWIEHROEHUZ/Z2 D T, TNTHOEERICBIT S p OEEHEEZ (x,y,2)
E Ly ETHEEX p IFROLIICRTZENTEET,

p=zityj+zk=2i+9j +7¥K (44)

OXUF, 1THNEHNTRDO L HIEL ZENTEET,

(ijk)(i)—(Yf H)(?) (45)

L7’ o>T (x,y,2) &, RATKRDDZENTEET,

(5)—(ijk)”(vf H)(?) (46)

ZZTITAL (1K), (1K) IXERITHITT NG, 26 OWITHNIEREITI EE LR £7,
x T z
y =013 k) (1§ ¥K)|vy (47)
z 2!
LAT=D 5T, IROEHATHI M 1T (x,y,z) & (x,y,2) IZEHEZL ET,
. i-if i-j ik
M=(ij k) (3§ ¥)=|ji ji j¥ (48)
k k-j
7.6.2 MEIZEAD[OER

ZZT,. 2O M IZOWVWTHID (Bxr-oE< EV) FiHZ LET, WE, AWVWICERTDH =20
BT ML%E rs,t & LET,

Ty Sg ty
r= Ty , 8= Sy , t = ty (49)
Tz Sz t,

T, x il y @, z BiOZNENOEIGF R ORAARY L x,y,z (RO X IICRSINET,
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1 0 0
x=|0 )], y= 1 |,z=1| 0 (50)
0 0 1

X,Y,Z & r,s, t [T HEEROEHITIIE M L LET,
y

M

r
A/((\kA
M
VA X
t

87 EEAZE D [EIER
r = Mx
s = My &)
t = Mz
INEATIITERT &, ROX T2 £7,

(r s t)=M(x y z) (52)

ZOFDD (xyz) [THEAATHITTND, 178 (rst) ZOHL O, RKdDDH M 12720 7,
ry Sp lz 1 0 0
Ty Sy ty | =M 0 1 0 | =M (53)
Ty Sz tz 0 0 1
e Sp to -1 Ty Sp o T Ty Ty Ts r’
M= Ty Sy ty =1 ry Sy ty = Sz Sy Sz = s” (54)
r. 8. t. r. 8. t, te ty t. t7

763 XY LD ARERHE

HHHEMNARZ ML w DX &, BARZ L v OFEICHEITEEHR M 2RkOFET, u & v
DO HIZEARTHRXZ hva n L LET,
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X 88 X7 L D5 HER#

nitudbvoABEIIIRDDZENRTEET,

uxv

[ux v (55)

IHICu & n ICERXRTDHERZ ML & v e nIZERLRTAHRY M m 2 RDET,

jo uxn _ ux (uxv) 56)
luxnf  flux(uxv)

me VXD _ v X (uxv) (57)
[lvxml v (uxv)

ZHICEY, RODHEHE M X (u,n, 1) FIET ML (EEE) ET5Z%E/M A, (von, m) &
FIEARY bV &3 5 2RI BT 2 ZHIT /2 0 £,

X 89 EEtRdEHDEIER

M,=(u n 1%:<u uxv  ux(uxv) >

luxv| Jux(uxv)|
B B uxv VX(uXV) (58)
M,=(v n m)—<V x| |V><(u><v)||)
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77 E1—%Z#
771 BHAOHBEOBE

7.5 ETIAER L7077 AT, BT —% OIERIC x EEEE y BEEEO R EZRE L
T, xy FiHEO RO EERRLTWE L, LL, AETRTEZ/ZEY OpenGL HIE
(XA ERE % fif > CZR T DL AT > TWET, ZD7d, ZORBOTEA D EIEFEIL, FEE
21X z=0 O=WITDOFEFHEE L THRDITWET,

ZZ T, ZZCIERKIEEZHET 2RO R ONE 2 =K TR P ORI OLFTCE LT, £ 2o
DRIEMEEZM 2L 2B THET, Ea— KRN 2 RROME L T s /72 EER
(BLAREBIESR) (OB IR T,

I THANEEZ EmNO RTINS & &, BOOHRERZERPOL ZICHLINEZXLTHET,
B BT x WX EEOA G,y MXEEO EFRIZHEWTWET, z BE x ey #os
EEAZLTWET 2D, BWimicxf L CEEIZ/R > TWAHIET TF, OpenGL TIiXA TR (K 90 @
) OFEFEZEZRHWCETNS, z BHXEEmN S L TWD ANDFIZ D> THOTWET,

EF &R

90 EFRLEFR

FTROOLEAIFERICH Y HRIT z BIORDTMZmMOTWET, B a— BT =k
FUCEDN TR OMEZFA L L, BiftE z MoROFTmE Lzl 20, B ONEZRD 5
ﬂfif“ﬁ—o

M 91 &2k
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& Eo—FW|ITHZERTHAVYE

Matrix 7 7 A E 2 —BHITHNZ1ED AV v R lookat() ZiBAM L F T, 1ZLOHIT, HEDONIE
X e=(en, e e). AR EICHDHEADMEIT g=(gng,8) ELET, TNDHLDIED, ZOHA
O TEFHm) ORI SvEk uw=(uy,u,u,) & LET, EhHmME y #ihmeET 5506, 2T (0,
1,0) ZaE LR,

A BERDUE
N, 8= (8v, 8, 82)

92 HIRDRE

// Ex—FEBRITHNEERT D

static Matrix lookat(
GLfloat ex, GLfloat ey, GLfloat ez, // fHEADHE
GLfloat gx, GLfloat gy, GLfloat gz, // BERDHE
GLfloat ux, GLfloat uy, GLfloat uz) // EAEDAY kL

{

FP. BA e=(ene,e) ZHFA 0=(0,0,0) [ FATBET LTS T, 21E0 £7,

1 0 0 —e,;
01 0 —e

To=10 01 —e (59)
000 1

/] FATBEBOEERITI

const Matrix tv(translate(-ex, -ey, -ez));

FRONME e ZFRICET L, BEAOMEIZEEROMNEIL g-e (2D ET, e 5
MDRZ hba 26, FREFA L LT EBEER Th DS EER DI~ ML aROET, Zh
Z (rst) ELET,
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t=e—-g r=uxt s=txr
X 93 HRAEEROEMNZ ML (rst)

BURERERIZB T D z ST 57 ML t=(t, 1, 1) (X, FHAFMOHERT ML e-g I
@Uifoﬁmﬁm%@xﬂiW%?5N7FWr=mmﬂgH\LﬁW@N7%wuJ:tk
DIME ux t [IZXVRDET, HAOEIERD y YT D57 b s = (s, 5y, 8:) B N7
MLt &7 bLr OO txr TROET,

Uyt, — Uty Ty
r=uxt= Uyty — Ugls = Ty (60)
Ugly — Uyly Ty
tyr, — .1y Sy
s=tXxr= t,re —taTs = Sy
LTy — tyTa S,

// t 8 =e - g

const GLfloat tx(ex - gx);
const GLfloat ty(ey - gy);
const GLfloat tz(ez - gz);

// r B =uxt #

const GLfloat rx(uy * tz - uz * ty);
const GLfloat ry(uz * tx - ux * tz);
const GLfloat rz(ux * ty - uy * tx);

// s B =t B x r 8

const GLfloat sx(ty * rz - tz * ry);
const GLfloat sy(tz * rx - tx * rz);
const GLfloat sz(tx * ry - ty * rx);

BONTHSEERDOE<7 ~L (rst) ZZNENIEFREL, & 54 1I2H &0 TH (61)
ORI REEOEHITS] R, Z1ED £97,
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rT Ty Ty Tz

0 = L =
| e[ [r] x|
s” 0 Sz Sy 52
R, — 5| — | s sl Is] 61)
o [ P
t] t] [t] [t
0O 0 0 1 0 0 0 1

FP. AT ML sOESEZHARNET, 2 0 TRFE, "7 kb r X7 MLt OES
X, B2 0 TEHVFEHA, 20X, ZRHEEHLL T, 4x4=16 HEDOERINEL v D
LD 3x3 OERIZKEMAL ET,

// s BOREDFT VY
const GLfloat s2(sx * sx + sy * sy + sz * sz);
if (s2 == 0.06f) return tv;

// EERDZEHITHI
Matrix rv(identity());

// r BAZIERIE L TESIZERUSHEHA

const GLfloat r(sqrt(rx * rx + ry * ry + rz * rz));

rv.matrix[ @] = rx / r;
rv.matrix[ 4] = ry / r;
rv.matrix[ 8] = rz / r;

// s BAZIERIE L TERHIZELICIEHH
const GLfloat s(sqrt(s2));

rv.matrix[ 1] = sx / s;
rv.matrix[ 5] = sy / s;
rv.matrix[ 9] = sz / s;

// t BZEIER L CTERINEHIZHEM
const GLfloat t(sqrt(tx * tx + ty * ty + tz * tz));

rv.matrix[ 2] = tx / t;
rv.matrix[ 6] = ty / t;
rv.matrix[10] = tz / t;

FATBE OEHATY] T, ([CHEHEOEHITY] R, 2R LT, Ea—EBHfTH 2RO ET,

M, =R, T, (62)

/! REDFETERIHOETBRITIIIRIROBEOEHRITIEREL S
return rv * tv;

}
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X

94 [El#E D ZEHE 4 DO A BAE R O EEAE i

® A4 >T70O45 5L (main.cpp) DEE S

lookat() A Y > R&flioTE 2 —ZHITH %K, Matrix BOZEE view ITHMLET, i
ZET VAR model 12 U CTHRK L, Matrix BLOZEE modelview (2L ET, 2O _HOE
BUTE L O TEITINDZENEL  BETIEA—FEBREFEINE S, £22 Ty =—H D uniform
B DELA B, model 725 modelview [ZEH L THE 7,

int main()
(HRE)
/] TRAGSLFATOxH CH#ERT S

const GLuint program(loadProgram("point.vert", "point.frag"));

// uniform EHDBHEMET D

const GLint modelViewLoc(glGetUniformLocation(program, "modelview"));

/] BRT—2 KT S

std::unique_ptr<const Shape> shape(new Shape(2, 4, rectangleVertex));

/] 74 FIRRAVNTVSERYIRT
while (window.shouldClose() const == GL_FALSE)

(€]
/] ETIVEHRITIIERD D

const Matrix model(translation * scaling);

/] Ea—FEHTHZERDD
const Matrix view(Matrix::lookat(@.ef, ©.ef, @.ef, -1.ef, -1.0f, -1.0f,
0.0f, 1.0f, 0.0f));

// ETIVE 2 —FEHTH %KD B

const Matrix modelview(view * model);

// uniform EHICEZHRET S
glUniformMatrix4fv(modelviewLoc, 1, GL_FALSE, modelview.data());

/] HARZEHEY S

wireRectangle.draw();
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/] AZ—NYTF7EANBATARY FERY BT
window.swapBuffers();
}
}

Z OB TIEHREOAMEITIRA (0,0,0) &L, ZI056 (-1,-1,-1) IZHDEHESEZRTWET,
FRZFHICEN TR, ZOEBTHADMNEEZETTH L, REIREEO/CHTL
FOAREMND H0D T, AR EEOMEICERET DI, RELSHEITHOLERHD £17,

O N—TYIRYI—FDY—RTFOY 5L pointvert DEFEH

NR—=F v 7 AL = —H D uniform Z% model % modelview IZZEF L £,

#version 150 core
uniform mat4 modelview;
in vec4 position;
void main()
{
gl Position = modelview * position;

}

BYLT)ILTOY 5L stepld

® XITHR

95 Yo —RHEERELICETHER

VAR ETRURAERT v 7958, RIERZOZERO xy Vil EL2BE L £7,
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78 BELHE
781 BRI

ZREDHIEER TIE, WA EOFRRER (V2 —R— ) ICEHULT A RAEIER D7 Y v
U ZHEBNO b ORFERESNET, OEBIITRE (BATE) IS b R AT RE AR HPH 23R
EENTEY, K 96 ([T [-1,1] OFRPHONHEROZEMIC/> TWET, ZHE2BERK
#& (Canonical View Volume) & W\ FE9, i I21E, @xyIﬁimmﬁ BN FRREINET,

IO, ZRTCZEMOEE OEBUZE N YIRZ B ISR R T 23, RLESETD
R A . Z OREEGAREICIND 2 BN H Y £3, TIUTEEER (7.1.4) IZKVITVET,

WD I EIE, HEEHCBR R EL D LD HES D LD BRI LKRE I TRRINDE
BEL, BODDIFE/NSLKRRENDIBHUBREN S £7, ZnbUAMCH, 72E 2TEWD
DIFERELLSFRLEY, ARV AL IICEFHTERLIED T HREHERELHD T
W, TR BN ERE A,

b=

X 96 IEYERIETE

782 EXKRFE
o EXIRFZDFIE

ZRICZE M H O E O T A R EGURTRICUN D 2 72010 EAR TIXU —/L REER (6.1.4)
LD 2 & (left, bottom) XN (right, top) ZXIAOTAR & T 5 X ORRFEILOIENT, ERETF
M OFEH (near, far) HIEE L E7,

WE, HANFERICZH Y . BIRA xy FEICEEZR z i EOADTMEmNTWD (FFR)
ELET, near IZRTEZITI b o & bHRICHMICEREL R i OERE (xy Fmd b O T
Y. far TR OHEFICHDLPFHROEETT, ZNHICL > TRELIBEFAOMHEKE, RIKHE
(View Volume) & W\ ET,
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BIATE %Am
(hither) \ (yon)

RIAR

(view volume)

97 HifkHE

ZOMRITIEWE D OV A BIAE (hither) . EWHOWARAE (yon) & WWET, Ba—
EHZ K o THAT z B RMOADFRIZHWTWET NS, JiFm ‘R FEO z fHiX, £
LA —near, —far 2720 7,

Z DRRTEN DT 2 AR HERARR IS 51213, SO L ANFERICR D KO I HTREN L,
—IORIN 2 127225 X9 ITHKRMN L ET,

e
»
|

FODRRICEDESTFTES RESZERL
98 EXRHEFDFIR

o HLARRIZHED & D FITHEE

EPBEEOPLOAMEEZRD, £ ZHNFRIZR D KD ICFATBET 2 EH(T8 2 RO £,
BUKFE D WL ((right + left) | 2, (top + bottom) | 2, -(far + near) / 2) T,
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YA

topf ===~ |
top + bottom I

' ';7T__

bottomp- — — — — v

|
I
|
| | >
(0) left | right °x
right + left
2

99 TLBAFRRERD X ITHTBE

Z OEWATINIFATREN O LTS (19) L0, (63) XD LSRRV £F, far & near \ZHASF
PAFNTWNWAEDT, Z I L TUXICA T NEL 2o TUVVET,

100 - right ;— left
iy o110 - top + gottom )
centering —
00 1 far —; near
0 0 0 1

® KRS ZIEMRt

TAEFREOME, B, BLXORELZRD, 2% —LOEIN 2 18725 K IR/ T 22 H#H
1TH RO ET, HAEEOME, &S, WREIX. ENEI right—left, top—bottom, —(far—near) T
‘a-—o

YA
top -
1]
5 A
< > right >
left 1 (0} > 1 X
y
1
| bottom | tgp_ bottom
:< right left >:

X 100 —HDOEER 2 1Z25 & 5 HKRHE/D

ZOEEATHNX (22) ROIEKRMENOEBITINELED (64) KO LSRRV EFT, Znb far &
near \ZEEDNTWVWTNEDOT, Z IZELTUHIAERFVTHET,
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2

—_— 0 0 0
right — left 0
0 R — 0 0
Mscaling = top — bottom 5 (64)
0 0 —_—
far — near
0 0 0 1

Mo = MscalingMcentering

2 0 0 right + le ft
right — left right — left
0 2 0 __top + bottom (65)
= top — bottom top — bottom
0 0 2 far + near
far —near far —near
0 0 0 1

o EXRELEMITINEERTHAV YR

Matrix 7 7 A B 2 —EWAITHIEZ{ED A Y » K orthogonal() ZiBIL 9, 5I4ITHE L=
KFE (left, bottom). (right, top). (near, far) 7>H (65) IZ L > TEBITHIZRD ET,

/] EXRBEZEBITIEERT S
static Matrix orthogonal(GLfloat left, GLfloat right,
GLfloat bottom, GLfloat top,
GLfloat zNear, GLfloat zFar)
{
Matrix t(identity());
const GLfloat dx(right - left);
const GLfloat dy(top - bottom);
const GLfloat dz(zFar - zNear);

if (dx != 0.0f & dy != 0.0f && dz != 0.0f)

{
t.matrix[ @] = 2.0f / dx;
t.matrix[ 5] = 2.0f / dy;
t.matrix[10] = -2.0f / dz;
t.matrix[12] = -(right + left) / dx;
t.matrix[13] = -(top + bottom) / dy;
t.matrix[14] = -(zFar + zNear) / dz;

}

return t;
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® A4 >T70O45 5L (main.cpp) DEE S

WEWATI A N—T v 7 A 2 —ZIZET 2O, ET /L E 2 —EHITH] modelview & I3
B D uniform Z¥EHE L E T, £BH4I1T projection (2L ET,

int main()
(€1
/] TRAGSLFATOH CE#ERT S

const GLuint program(loadProgram("point.vert", "point.frag"));

// uniform ZEHDIZHEMET S
const GLint modelViewLoc(glGetUniformLocation(program, "modelview"));
const GLint projectionLoc(glGetUniformLocation(program, "projection"));

/] BRT—2 KT S

std::unique_ptr<const Shape> shape(new Shape(2, 4, rectangleVertex));

T4 RUDOY A XOEFITT D RARKE O DR (6.1.4) U A XOREE (6.1.5)
D XD AL, —RITIT R EROBIATONE S, T 2 CHITEORRHEEE LT, X 64 (2
RY left=-w/2s, right=w/2s, bottom=-h/2s, top=h/2s ZFELET,

/] 742 FIRRANTVSERYIRT
while (window.shouldClose() const == GL_FALSE)
{
/] 74 RIEHEETS
glClear(GL_COLOR_BUFFER_BIT);

/] x—FT075 LOFERARE

glUseProgram(program);

[/ EXBFZEBITIERD D

const GLfloat *const size(window.getSize());

const GLfloat scale(window.getScale() * 2.0f);

const GLfloat w(size[@] / scale), h(size[1l] / scale);

const Matrix projection(Matrix::orthogonal(-w, w, -h, h, 1.0f, 10.0f));

TS T, BT AR 2 =BT TR S Ea —B|MZTERELE T, Ba—%
acix, HERZKEOMED (FIHED) FAICERETIUX, A EIIMEEOMEIZKE T
xFT, 7L, BAEAITHEANS R T zNear (1) 205 zFar (10) OICHDIVENH Y £97,

/] ETILEBRITIERD S
const GLfloat *const location(window.getLocation());
const Matrix model(Matrix::translate(location[@], location[1], 0.0f));

/] Ea—FEH]THERDD
const Matrix view(Matrix::lookat(3.ef, 4.0f, 5.0f, @.0f, 0.0f, 0.0f,
0.0f, 1.0f, 0.0f));

/] ETIE L —E#THIERD S

const Matrix modelview(view * model);
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ZHATH projection DINE A L = — X 7175 L@ uniform 2841 projection (23X E L CH M
LE7,

// uniform EHICEZEHRTET S
glUniformMatrix4fv(projectionLoc, 1, GL_FALSE, projection.data());
glUniformMatrix4fv(modelviewLoc, 1, GL_FALSE, modelview.data());

/] HARZEHEY S

wireRectangle.draw();

/] AZ—NYTF7EANBATARY FERYET
window.swapBuffers();
}
}

O N—TYHIRYI—FDY—RTFTOH S5 L pointvert DLEEH

N—=TF 7 A = —4 |2 matd B D uniform 253 projection ZBM L, TN EET L E 2 —%

itk DTAR O EEFEEIZHE T £,

#version 150 core
uniform mat4 modelview;
uniform mat4 projection;
in vec4 position;
void main()
{
gl Position = projection * modelview * position;

}

BYLT)ILTOY 5L stepls

® EITHR

101 EXRFFEHLEEL LU ICRITHR
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783 BRIRF

BB L B L RRRIC, BIAHE LD 2 f (left, bottom) 1 LT (right, top) 7% %i48 D TH .
T BB OFREE & RESE O (near, far) ZIRELE T, 727 LBHEEEOLEAIL.
BRAETHRE LB w2 K & 3 2 A 84 777w cll v % & L7ciiEs (View Frustum) OW
HC & % X 2 R EL AR I D £ 77,

HIAE
(hither) \

R

o, .
(view frustum)

102 H#ER

Z OHREE N ORI A EERRE I D 5120, RSO LSRR (z ) & —ET 5 X
INCHAMEE L, THEBHREH L%, TONFEAICRD LX) ITREI L., KREIC—TID
FE&MN 2125 X0 RME N LE7,

ZED PO E BB LS I ABRERS BEREBLCFEITRHEERL
X 103 ZHREEOFIE
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o B AMER

BB OEAX, #iGE EOREORRERO F.LE 2z @AW D X HIT 572010, s
EERET VWA L LT, BITHEIE —near ODALEICZH Y, O EOFRRELD FLIT ((right +
left) | 2, (top + bottom) | 2) \Z&H YV £F 25, z=—1 (2B HBEERIT ((right + left) / 2near, (top +
bottom) | 2 near) (2720 £9,

N 7
\ )/
AN S Aska
\ cnear , (view frustum)

right+left
2 near

=) 4

\
left O‘ right
z

right+left
2

104 B AKEREH

1 right + left
2near
top + bottom
= o1 ——
Mshea'r‘ 2 near (66)
0 0 1 0
0 O 0 1
o EREH

BB TlE, WIRO BT ORE I ERE (RE, z B) ICKEHILET, (x, p, 2) OMEC
D UL —near ONLEIZH HREITHED (—near x|z, —neary | z) OIEIIHEZINET, z EHIZHE
LTIE, + OFEREEALZSRL TIEE0,

YA e
nezary "
‘ —near L
z 0 + =| —far
BIAmE #®AE
(hither) (yon)
we s
(view frustum)

105 BHREH

157



near 0 0 0

0  near 0 0
Mperspecti’ue = 0 0 M far near ©7)
0 0 -1 0

o ERFFLIRITI

B AMATE] M, (X, 2O ZDODLEHITH] Mpergpecive & Mapear PFEIZ, KE &S 2 EHML
F D LEHITH] Myeqiing %5 U7 b DT,

Mp = MscalingMpe’r‘specti’ueMshear

2 near 0 right + left 0
right — left right — left
0 2 near top + bottom 0 (68)
= top — bottom  top — bottom
0 0 far 4+ near 2 far near
far —near far —near
0 0 -1 0

o ERBERIMITIZEERT DAY Y

Matrix 7 7 AZHE MBS EBATINAAED A Y > R frustum() ZBIMLUET, SIEICHEE L7
KFE (left, bottom). (right, top). (near, far) 7>H (68) 2L > TEBITII A RD E T,

/] BREZERTIEERT S
static Matrix frustum(GLfloat left, GLfloat right,
GLfloat bottom, GLfloat top,
GLfloat zNear, GLfloat zFar)
{
Matrix t(identity());
const GLfloat dx(right - left);
const GLfloat dy(top - bottom);
const GLfloat dz(zFar - zNear);

if (dx != 0.0f & dy != 0.0f && dz != 0.0f)

{
t.matrix[ @] = 2.0f * zNear / dx;
t.matrix[ 5] = 2.0f * zNear / dy;
t.matrix[ 8] = (right + left) / dx;
t.matrix[ 9] = (top + bottom) / dy;
t.matrix[10] = -(zFar + zNear) / dz;
t.matrix[11] = -1.0f;
t.matrix[14] = -2.0f * zFar * zNear / dz;
t.matrix[15] = 0.0f;

}

return t;

}
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® A4 >T70O45 5L (main.cpp) DEE S

Matrix % DZEEL projection |ZELAZ P A HATHI A2 5% E L TV 7o orthogonal() % frustum() (Z
EEfZ ET, AT E O (left = -w/ 2s, right = w / 2s, bottom = -h | 25, top = h | 2s, X 64) U
EORMIZZEDOEEMENET, 29 T2LHNELZRE IV &R V/NELRoTLENETR
YUADKRA —I)VTHRT H T ENTE LT,

/] 74 FIRRANTVSERYIRT
while (window.shouldClose() const == GL_FALSE)

/] D4V EROEEET S
glClear(GL_COLOR_BUFFER_BIT);

/] x—FT075 LOFERARE

glUseProgram(program);

/] BREEZEBRITINERD D

const GLfloat *const size(window.getSize());

const GLfloat scale(window.getScale() * 2.0f);

const GLfloat w(size[@] / scale), h(size[1l] / scale);

const Matrix projection(Matrix::frustum(-w, w, -h, h, 1.0f, 10.0f));

/] ETILEBRITIERD S
const GLfloat *const location(window.getLocation());
const Matrix model(Matrix::translate(location[@], location[1], ©.0f));

YT TO5 5L stepl16

® EITHR

106 ZBRF RS L R LU RITHR
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7.8.4 EREE

BB T, EBORE IPEE (z 8) ISKEHILET, BHEBEEZOEREICSH, LD
EowkERAnwEd, Zhi IR OALE OREEEITATTEIZIEWVIE E & < BT E D
DHENDIZEIERS R 9, 20RO RIEELBRREEL VWET,

WEK 107 1IZBWT, xz Pl EDO R A= (x4z,) BELD B=(xp,z5) S z=-near ONLEIZH D
ATHEICHRE SNTEE2, ThEil C BEXO D & LET,

A= (xmzu)

o
2

107 B mE _E OB

ZDMSY CD % t:1—t TN THHE P £9T5HL&, P & AB BTGB HEE LS00
B O=(xz) (. (69 ICEVRKRDDLZENTEET,

Ta g — ¢+ 2ty
Za Zb
Te= 7 1
—(1—t)+ —t
Za 2 (69)
1
fe = 7 1
—(1—t)+—t
Zq 2p

X (69 DO Dz sy zg 1T, 4D z /57 zo & BD z oy z ODERERBMAELIZD
DOFEFIZ 72D F£5, 7 AXLALF (4.1) TIEEf EOEFEOALEIZIIT DHE %R D 5 EA
HYVETH, ZHIFBREEZHEME Lz booHie LTHOLNET,

O D x Ky x, DL, ZOHRD z=1 OFKEH ETOMEBEEZBIBMEICL D RDTZH O
T, —H. HRIE 0 OFHEE, Thbb z, OWHTT,

TR LUREDOEELE L, AIHFEICEWVZERESELS RDIZONTNELR>TLEI DT,
B Y AL (8.4) DEXCERANEL e T LEWE T, £/2, Z OREZEHERAR (7.1.4) I
WO HhEEHY £,

T, BE (z B) OWEIZ —far near ZF U, ZI0D (far —near) /2 KT T O ANH

160



UKD KO ITFATRE L E T, £ L THREZEICA (64) D Mying (&Y =2/ (far—near) {5 LT,
[-1,1] OFFEAICESRLLET, ZHICE-T MEELDEWIEERE2ME) 127220 £,

A
far

1
near
|:> P —near
O| -near \:r z 0] / —far
-1

108 BHRIREDOIEH L

A

NA

bzl Zo@EfZzE#E (70) TRINET,

. near

x* =-
z

. near
yoo=—— (70)

. farnear  far + near
¢ =— —

z 2

ZOEMETHTRT L. K (67) D Mpgpeaive (2720 3, BHIEE (x, y, 2) ICZOEHE
wWHTE, X 7D L0 72) (R TRIFFEENMG LN E T,

2! near 0 0 0 T

y' 0 near 0 0 y

2 - 0 0 Jar + near farnear z 71
!

w 0 0 A 0 1

' = nearx
Yy = neary

B far + near (72)

! 5 z + farnear

w = —z
TR SIBEIEEE (L), 2) kiR, X (70) BDELNET,
7.85 EfEMELEEICHEDERRSETRTS

BEEE DR EIC L D BRI EBATHORET, WHAMEEEW OO, EEITITEM LSS
WEDBRHVET, ZZ T AATOL U AD y FOEA (fovy) & BiEOHEMEL (aspect ratio)
o CHERBE AT AR ET 2 HEN LI LITHAVWLET,
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X (73) O fILHEAf fovy TE TS T2 OEEICHEE LIZRFO | B E COHEME (A
Bty T3, L7aD3o> T z=—near ONLEIZH ZHI51H _EOFERFEERIL, —bottom = top = near | f.
—left = right = aspect near | f £ 720 £9, ZHaX (68) IZRATHIL. X (74) B EOLNET,

P

fovy

s

—fa;

—near —far

109 i L fERLLIC S & S BREEEEITS

1 fouy
f=———+——< =cot
(fovy) 2 (73)
tan .
/ 0 0 0
aspect
0 f 0 0
M, = 0 0 _ far+near 2 farnear (74)
far —near far — near
0 0 -1 0

® EAZEM > TERKREEBRITIEERTSA VY F

Matrix 27 7 A % > CHEUIEEWITHZED A Y > R perspective() ZiBM L E5, 5]
BUHRELZEE O y HWOEA fovy, i DML aspect, ¥ K ORI S & % 7 1 O E
(near, far) M5 (74) 1T L > TEHITHIZRD F T,

/] BERZEEE L CERBEEBMTIEERT D
static Matrix perspective(GLfloat fovy, GLfloat aspect,
GLfloat zNear, GLfloat zFar)

{
Matrix t(identity());

const GLfloat dz(zFar - zNear);

if (dz != 0.0f)

{
t.matrix[ 5] = 1.0f / tan(fovy * 0.5f);
t.matrix[ @] = t.matrix[5] / aspect;
t.matrix[10] = -(zFar + zNear) / dz;
t.matrix[11] = -1.0f;
t.matrix[14] = -2.0f * zFar * zNear / dz;
t.matrix[15] = 0.0f;
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}

return t;

}

® A4 >T70O45 5L (main.cpp) DEE S

B fovy (21X Window 7 7 AD A L NEH scale xR LET, 2D, v T ADKA —
VIR A — AEEICFI S 5 2 L1279, scale OFIWMEIL 100 72D T, ZhH 60°=n/6 IZ
72559 0.6n/180=0.01 ZF LT fovy & LET, MEAAIL aspect ([ZIXEE LD T ¢ R D&
S h KT L0 w OFEEHWET,

/] x—FT075 LOFERARE

glUseProgram(program);

/] BREEEBITINERD D

const GLfloat *const size(window.getSize());

const GLfloat fovy(window.getScale() * 0.01f);

const GLfloat aspect(size[@] / size[1]);

const Matrix projection(Matrix::perspective(fovy, aspect, 1.0f, 10.0f));

/] ETILEBRITIERD S
const GLfloat *const location(window.getLocation());
const Matrix model(Matrix::translate(location[@], location[1], 0.0f));

BYLT)ILTOY 5L stepl?

® EITHR

110 BRFELB L EE L EITHER
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F8E MIKDRIE

8.1 ZRTHEMDHEE

IHNETIE xy Vi o ZREIE (IEHTE) Z2#VWTE £ Lo, EEZIE, Zhid=koez
MWD z=0 OV EOKETY, ZZTHEZRTONBEME £7,

811 —FEEZICLDHHEE

11 OFENEEZ#RS THIC 2 2B 2 F7, KFIFEARKE (K 55) I GL_LINE_ LOOP
(FA U 7=8nil) 2467E LT, glDrawArrays() (L Vil L CWET (5.2.5), ZDOHA, THEDOT
— X % —EEZOEFETHE T DA R THELERH Y 7, K 111 OIENFEFE —FEHFHX
T57256, #l2IZ000D0Q@VQDEOHEDIRICIERZT- LY | HEICOFICED £7,

vh

0,-1,0)

IENEF BERZREDIRE

111 #E$ 5 E/NEE
® Object ¥ 5 X (Objecth) DEEH

TES DONLE N ZIRITT7RD T, Object 7 7 ADH TEFHRL TWD Vertex HEARD A R
position DEFEH % 3 ITEHE L ET,
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// BfT—4
class Object

(&1

/] TEREM

struct Vertex

{

// &

GLfloat position[3];

}s

® 4427045 L (main.cpp) DEE

main() BIEL ORI\ EAK D

DNLE DT —H octahedronVertex ZiBIM L., Zh x> T

Shape 7 7 ADA VAKX U AEER L E T, ZE/—T7 O Tl L £ 9, constexpr TESfi

MBI 2 o RA NIRRT SN D EBRIT D £,

// N\NEEDIESDAE
constexpr Object

{
.of,

.of,
.of,
.of,
.of,
.of,
.of,
.of,
.of,
.of,
.of,
.of,

P e N P S
OFRPRORPROCOOCOFRLRORLRO®

}s
int main()

&1

/] BRT—2 KT S

O OO0 O0OCRrRrRORrORLROR

.0f,
.0f,
.0f,
.0f,
.0f,
.0f,
.0f,
.0f,
.0f,
.0f,
.0f,
.0f,

::Vertex octahedronVertex[] =

PORFRPRORPROFRLROOOOO

.of
.of
.of
.of
.of
.of
.of
.of
.of
.of
.of
.of

}s
}s
}s
}s
}s
}s
}s
}s
}s
}s
}s
}

std::unique_ptr<const Shape> shape(new Shape(3, 12, octahedronVertex));

/] 242 RINRRANTWARERYRY

while (window.shouldClose() == GL_FALSE)

(HHE)
}
}
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® ERITHR

112 ENEEORRENIC L DHE
812 A Ty O REAW-#HE

I 113 O R (EAHRK) Z#WTAHAET, L 2AD, ZOMBIT—FEEEZ TSRV
O HE T 5 EARKE (K 55) & LTNEAED L 51 GL_LINE LOOP =5 Z &R TEEHA,
ZZ T, ZZTIX GL LINES 25 Z LizLET,

GL_LINES [X = ODEME A T—AROMN. LI a & 9, K 113 O RNEERD 12 KD
Bz i Ik, AFEC 24 EOTEABMERLEIZZ2Y 77, EEOHEAIZX 8 fL2rH 0 A
o, flilxOTEFIZENZEN 3 B s Z &2 7,

-1, 1, -1)

1,-1,1)

EREE ERZERE SRS
X 113 #E$ 5 EANEE

LU, THRED 8 L2l 24 HOTESEZME S Db ol nWE Il 2 E7, £2
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T 8 FHOEROMEDHEHR (HABME) &, COERAEHAT 12 KOBOERHIDEVNI ALY
TV REMAEDE T, ZORNEEROKEZERB L ET, K 113 ORNEEOT—21F, £ 5 O
[HAR EBEMBICIVRINET, BRI HADOMEOHRITFHEERD 2V ITRAFER (&
FARIER), AT v 7 AOERIICAEER (PR IHER EESZERHY £,

R 5 HRRLBRE

B AVTFYIR

B HEHR
X y z BR | KR
) -1 -1 -1 a 1 e
1 -1 -1 1 b 2 7
2 -1 1 1 c 3 ]
3 -1 1 -1 d 4 7
4 1 1 -1 e 5 ]
5 1 -1 -1 f 6 7
6 1 -1 1 g 1 2
7 1 1 1 h 2 3
EI=ES i 3 4
J 4 5
k 5 6
1 6 1

iR

® Object ¥ 5 X (Objecth) DEEH

THEDA T v 7 Ao T ERB T H561L. ZNLTESA RNy 7747 V=7 MK
L., ZNETERERSNA TV =7 NMIMBIARE T, £7 Object 7 7 AIZA T v 7 ZADTHREN
w77 ATVl N ERFFT D ibo & private A NTEMLET,

#pragma once

// BRT—4
class Object

{
/] TERENF TV +48

GLuint vao;

/] TBENYI7ATox) b4
GLuint vbo;

/] AT RADERNYI7FH Ty b
GLuint ibo;

WIZ, 2 A NT 7 ZOFEIZTERDA 7 v 7 A0 (#iH7 5 [8,550) indexcount & TE

T
S
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AT w7 ZAOES| index ZEBEML, AL AT ITENTA VT v I ADERNNY 7747V =
7 MEAERLET, ZROO5IIIZT 74V MIBAEREL TBEET, ZhICkh, ZnE
TOaAYANTIZEZOMOHLICNT DY AT vl 7 A EORBREEZERHSOZ LN TEXET,

THEDOA T v 7 A ZHWDE NNy 7747 V=7 M, glBufferData() @5 1 5% target (2
GL_ELEMENT_ARRAY_BUFFER Z#i@&E L TERL L £9, ZDF 2 51 size ([TITMEIRT HTEA
Ny T7H TVl OV A X&HELET, indexcount 78 0 728 ZHM 0 12> TLEVE
TN, =TI T A, FERICE 3 51500 index 23 NULL O4 13 glBufferData() 137
— X DHEZITVER AN (OpenGL (X C FFEMIT D API 72D T, fhA& EiX nullptr Tid7e<
NULL MEH SN TWET), ZNb=7 —(2ide 5 A,

COEBNYy 77 ATV b, 207 7 AOTERRINAT Y =7 MIHBAIAFEILE TR,

THRDA T v 7 Al attribute 2 E L TEZBRLRWO T, ZOHEHRANY 77 A7V =7 I
I attribute ZEAZHI Y Y TEE A,

// AVAKRSIA
//  size: ERDEDRT
// vertexcount: THED#
//  vertex: THREMZHKHM L I-EC5I
//  indexcount: THR®DA VT v I ADEZRHK
// index: THER®DA T v A &ML -E5
Object(GLint size, GLsizei vertexcount, const Vertex *vertex,
GLsizei indexcount = @, const GLuint *index = NULL)
{
// BERESA Ty b
glGenVertexArrays(1l, &vao);
glBindVertexArray(vao);

// TBRNY I F7A TS b
glGenBuffers(1l, &vbo);
glBindBuffer(GL_ARRAY_BUFFER, vbo);
glBufferData(GL_ARRAY_ BUFFER,
vertexcount * sizeof (Vertex), vertex, GL_STATIC_DRAW);

/] EEINTWBRERNYI7HTOcH b E in EEHMOSEBTESLSI1ZT S
glVertexAttribPointer(®, size, GL_FLOAT, GL_FALSE, 9, 0);
glEnableVertexAttribArray(0);

[/ AVTYIRADERNYI7H TSI b
glGenBuffers(1l, &ibo);
glBindBuffer(GL_ELEMENT_ARRAY_BUFFER, ibo);
glBufferData(GL_ELEMENT_ARRAY_BUFFER,

indexcount * sizeof (GLuint), index, GL_STATIC_DRAW);

}

TARNTIETIFA T 7 ADEENYy 7747 V27 M TICHIBRL 7,

/] TALS94A
virtual ~Object()

{
/] BREHNA TS FZHIBRT S
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glDeleteBuffers(1l, &vao);

/] TERNY I 74A Ty FEHIBRT S
glDeleteBuffers(1l, &vbo);

/] AVTIIRDERNYI7A TP LZHIBRT S
glDeleteBuffers(1l, &ibo);

}

® Shape ¥ 5 X (Shape.h) DEE A

Object 7 7 AD AL ANT 7 ZIZHIEZBMLI-OT, ZNESHLT\5 Shape 7 7 A b
BHELET, A AN 7 ZO5ICTER DA 7 v 7 208 (Hil3 2 TH 540 indexcount & TH
DA T 7 ZAOKLS] index ZBM L, Object 7 FAD AL A NT 7 ZOBHIZBMLET,
Object 7 7 ADHA L[FBEIZ, Shape 7 7 ANZEBIMLT=51UCT 7 4V I EEHREL, T E
TOALANTZ OO LIZHT DY —A 7 v s 7 A EORBELZRE ET,

// ARSIV A

// size: THRDHREDRIT

// vertexcount: THEED#

//  vertex: THREMZHHMH L -EC5I

//  indexcount: THR®DA Ty ADEZRHK

// index: TAER®DA >T v U R %ML 1=ES

Shape(GLint size, GLsizei vertexcount, const Object::Vertex *vertex,
GLsizei indexcount = @, const GLuint *index = NULL)
: object(new Object(size, vertexcount, vertex, indexcount, index))
, vertexcount(vertexcount)

{
}

4YF v REFE> TEMOREET> 25X Shapelndex

AT, NI Z Bl CHiE 3% 27 7 A Shapelndex %, Shapelndex.h &\ 9~ X7 7 A )L|Z
Shape 7 7 AZMIK L CERLET, AT v 7 A& Mo THIW T HI213A T v 7 ADOEN Y
BUIR D DT, TN RFFT 2 indexcount &9 const A U NEZHELET, TNHIRES T X
NHEMT 5D T, protected (2L F T,

#pragma once

// EROEE
#include "Shape.h"

/[l ATy REFE>ERBOEE
class ShapeIndex
: public Shape

{
protected:

// BEIZESTEROK
const GLsizei indexcount;
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ZOarA NI 7 ZTIE, sl TRITRocHRRMEZ > TEE Y 7 A0 Shape D= /&
N7 HEFITLET, ZHIZEY, Object 7 7 ADA L AKX U ANERKIIET, const A
3D indexcount H Z ZCTHIMHE L £7, B, ZOa A NI 7 HZITREITZHD £ A,

public:

// AVAKRSO A

// size: THRODMEDRT

//  vertexcount: THR D

//  vertex: THREMZHEHM L I-EC5I

//  indexcount: THR®DA VT v 9 ADEZRHK

// index: TAER®DA >T v U RZEHML1=EF]

ShapeIndex(GLint size, GLsizei vertexcount, const Object::Vertex *vertex,
GLsizei indexcount, const GLuint *index)
: Shape(size, vertexcount, vertex, indexcount, index)
, indexcount(indexcount)

{
}

i %2 FEAT 45 execute() AV v RA—/3—F A4 KL T, glDrawElements() ZF-OMH L £7,

// HEEDEIT
virtual void execute() const

{
/] BOBTRET S
glDrawElements(GL_LINES, indexcount, GL_UNSIGNED_INT, 9);
}
}s

void glDrawElements(GLenum mode, GLsizei count, GLenum type, const GLvoid *indices)
AT v 7 AR CHARSNZ X2 KEO#EZITWET,
mode
Him 4 5 AR OFE (X 55),
count
HET HTHR O, =& 2 XMARL 4,
type
AT I AQT =M, A7 v 7 A GLuint #7285 GL_UNSIGNED INT,
indices
AT v I ADT=ZBPMENTWDEA, AT v 7 ADARANy 77 ATV =27 O
SN T 5725 0,

® 44270455, (maincpp) DEER

Shapelndex 7 7 A # EF L T\ 5~ ¥ 7 7 A /L Shapelndex.h % maincpp @ F 8§ T
#include L %7,

170




#include <cstdlib»>
#include <iostream>
#include <fstream>
#include <vector>
#include <memory>
#include <GL/glew.h>
#include <GLFW/glfw3.h>
#include "Window.h"
#include "Matrix.h"
#include "Shape.h"
#include "ShapelIndex.h"

F 72, main() B ORNICE 5 OTESRRORNEROTER DN E DT — 4 cubeVertex & FEARE D
AT v 7 ADT —H wireCubelndex B L £,

// NEADIERDLE

constexpr Object::Vertex cubeVertex[] =
{

-1.0f, -1.0f, -1.0f }, // (0)
-1.0f, -1.0f, 1.0f }, // (1)
-1.0f, 1.ef, 1.ef }, // (2)
-1.0f, 1.ef, -1.0f }, // (3)
1.0f, 1.ef, -1.of }, // (4)
1.0f, -1.0f, -1.0f }, // (5)
1.0f, -1.0f, 1.0f }, // (6)
1.ef, 1.ef, 1.ef } // (7)

P e N Y Y SN

};

/] RNEAOEBEOWIGERDA VTY IR
constexpr GLuint wireCubeIndex[] =
{

// (a)

// (b)

// (c)

// (d)

// (e)

/! (f)

/71 (8)

// (h)

// (1)

/7 (3)

// (k)

1 // (1)

-
-

L S L S
. v v . . v v .

-
-

AUV, WNRERODUPDWNDNR
-

AUV WNNONONOG®
-

-

}s

main() BE%LTIX Shapelndex 7 7 AD L A N7 7 Z ORI FIZNHEARDTE R OALE cubeVertex
LR O MGG R DA T v 7 A wireCubelndex ZFREL T, A U AZ U A% —DHER L ET,
32 THROBITEBEOTHR OB D 8 TIXZAR < Ml b 280 Ol s O 77205
ATy 7 ADEFRD 24 128V ET, TnENA—TORTHELET,

int main()

&1
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/] BET—2EEHT S
std::unique_ptr<const Shape> shape(new ShapeIndex(3, 8, cubeVertex,
24, wireCubeIndex));

/] 742 FIRRANTWSERYIRT
while (window.shouldClose() == GL_FALSE)

(HHE)

}
}

BYLT)ILTOY 5L step19

® EITHR

114 EAEEORREIZ X 5 HiE

8.2 THRBMDEE

BEICFETRTHOREORITL, 777 A by =2—FIZBNWT, ZL—b RNy T 7DHT—y
T 7IZEID BT out BEL (4.2.5) WBERATHZLICKVRESNET, 777 A o
—HEN=T v I AV ==X OM S EBHREOME THF L EE2Z TS 4.1) Z&ERTELH0
T, AT v I AV = —=F DA, THROLEMBEICAOT —5 28T 52 LT, #iliT5
BIEOEZEEST DI ENTEET,

® Object ¥ 5 X (Objecth) DEEH

TEAEMELE LT EDIENCEEZFENE T D, Vertex IERIZEBDT — X ZRFFT25 A N
color ZIBMULET, GR, k H) O=ZHEAETERIOT, ZOEEHT 3 ICLET,
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// BfT—4
class Object

(&1
/] TEREM

struct Vertex

{
/] &
GLfloat position[3];

/B
GLfloat color[3];

}s

HRBMOT — A EEZERLIZOT, aVARNT 7 Z TR TVWDERN Yy 77 TV =
7 & attribute 2L ORFH ST (5.23) bERLET, (LEIFTSLITA 0 O attribute Z#UZES
ST TOWETDL, AIFEFA 1 O attribute ZHUCEHE ST 5 Z L2 LET,

ZDOFIH vertex IZHRE L7 AEVIZIX, THEOMEDT —# position & DT —4 color 73
Bl 15 OXEIITHMHINTWET, D& ETHRITEDT —Z DIE stride (X vertex[0].position
25 vertex[1].position £ TOMBETT G, BLAIEE vertex D—DDHEFEDREX I8 £,
Z R sizeof (Vertex) THFHHET, color IZOWTHFE L TY, F£7- vertex DIEFHD T — X
vertex[0] {235V Tl position |E vertex[0] DFEHEAN LA STV DH 79 offset 1L 0 (2720 F
T, ZAUZXF LT color IE vertex[0] DJEHANN G position D372 HZAICKMEINTHET, =
DA, offset X position DY A X 725 GLfloat B size ffH/yDH A X270 £,

& Z AN, glVertexAttribPointer() M 513 offset M7 —# X GLvoid ! ((EE DA DR A v
ZDID, ZOYA XEAENDORA L ZIZEBRT H0ERH Y £, £ 2T, static_cast<char
*>0) 125D 0 % char BLDORA X IZHF v R b (FUEH) L, T Vertex H&E AR D position
AU XDH A X sizeof Vertex::position Z /& LT, HNZEDYF A XDORA U Z 2B ET,

vertex[0] vertex[1]
position[@]|position[1]|position[2]] color[@] color[1] color[2] |position[@]|position[1]|position[2]] color[@]
L 1 | L 1 | L 1 | L1 | L1 | L1 | L1 | L 1 | L 1 | L 1 | ]
. stride
offset | stride _

X 115 THRT — % OBER Vertex FONET —F position & BT —F color DEE

// AVAKRSIA

//  size: HEDMEDRT

// vertexcount: THE D%

//  vertex: THREMZIEM L =B

//  indexcount: THEDA VT v ADEXRH

// index: THEDA VT v A &ML =B 5

Object(GLint size, GLsizei vertexcount, const Vertex *vertex,
GLsizei indexcount, const GLuint *index)

// TERESAX TS b
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glGenVertexArrays(1l, &vao);
glBindVertexArray(vao);

// TBRN\YIF7HTSH b
glGenBuffers(1l, &vbo);
glBindBuffer(GL_ARRAY_BUFFER, vbo);
glBufferData(GL_ARRAY_ BUFFER,
vertexcount * sizeof (Vertex), vertex, GL_STATIC_DRAW);

/] BEEINTWBIERNYI7Z7A TPV bE in EEHISSETEDL L5125

glVertexAttribPointer(®, size, GL_FLOAT, GL_FALSE, sizeof (Vertex), 0);

glEnableVertexAttribArray(0);

glVertexAttribPointer(1, 3, GL_FLOAT, GL_FALSE, sizeof (Vertex),
static_cast<char *>(@) + sizeof vertex->position);

glEnableVertexAttribArray(1);

® A4 >T70O4 5L (main.cpp) DEE S

TESBEMELE L TLEDIENMNIAEZZITMADT-DIZ, N—T v 7 AL =—HF D attribute 4K
color ZBI L E£9, color @ attribute ZZ8DOFATIL, BiRDEY 1 12 LFE1,

/] TRAGSLFTOH FEERT S

/] vsrc: N—FYHIRVI—EDY—RATAT S5 LDOXES

/] fsrc: TS ARSI —EDY—RATAT S LDOXES
GLuint createProgram(const char *vsrc, const char *fsrc)

{
/[l BEOTATSLFTS) FEERT S

const GLuint program(glCreateProgram());
(€Y

/] TRATSLATOzH &)U T B
glBindAttribLocation(program, 0, "position");
glBindAttribLocation(program, 1, "color");
glBindFragDatalLocation(program, 0, "fragment");
glLinkProgram(program);

/] ER L=z 0 95 LAToxy bERT
if (printProgramInfolLog(program))
return program;

[/ TATSLFTOc) bPERTELITAIE 0 BT
glDeleteProgram(program);
return 0;

}

main() BIEXDRICE W2 NHEIROTAR DT —# cubeVertex ([ZEDOT —X ZBIMLE7, Al
GR, &, &) OBFLZEZZNEFN 0 ~ 1 OETHRELET, (0,0,0) THE, (1,1,1) TH. (0.8,
0,0) THOLEEODOIRIZRY £,

// REAXDIERADMEL R
constexpr Object::Vertex cubeVertex[] =

{
{ -1.ef, -1.0f, -1.0f, 0.0f, @.0f, 0.0f }, // (0)
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{ -1.ef, -1.0f, 1.ef, 0.ef, 0.ef, ©.8Ff }, // (1)
{ -1.ef, 1.ef, 1.ef, 0.ef, 0.8f, @.0f }, // (2)
{ -1.ef, 1.ef, -1.0f, 0.0f, 0.8f, ©.8F }, // (3)
{ 1.ef, 1.ef, -1.0f, 0.8f, 0.0f, ©.0f }, // (4)
{ 1.ef, -1.0f, -1.0f, 0.8f, 0.0f, ©.8F }, // (5)
{ 1.ef, -1.0f, 1.of, 0.8f, 0.8f, @.0f }, // (6)
{ 1.ef, 1.ef, 1.of, 0.8f, 0.8f, ©.8F } // (7)
}s

[/ NEROEROEHRDOS VTV R
constexpr GLuint wireCubelIndex[] =

{
€3]
s

O N—TYHIRYI—FDY—RTFOY 5L pointvert DEEH

N—TFT 7 Ay x—FTlE, ERBEHEIEMLZTESAOT —X 2275 in 248 color %
HEELET.in BRI =—F T 0l F0N0L B U TRA T T4V DEIDAT —DF— 4 %
ZTWMOEET, N=T v 7 AL ==X TRHHEIANY 77 A7 V=7 FOT—EREMINET,
ZITIE, INEZOEE out EE vertex color IZfRA L E T, out BRSNS NI NEIL,
LBV TR T TV DIRODAT = (ZOFEIETAZTA ) IZELRET,

#version 150 core
uniform mat4 modelview;
uniform mat4 projection;
in vec4 position;
in vec4 color;
out vec4 vertex_color;
void main()
{
vertex_color = color;
gl Position = projection * modelview * position;

}

@ JSHT AV I—HEDY—ARATOY 5L pointfrag DEE S

TITAV R 2= T, N—T I AV —ENLTAZTAFIZELN, TAXTAY
WX o THIF SN TEREEZZITELD in 228 vertex color #'H 5 LET, ZHEN—T v 7 X
Tx—HD out BEEINELTWAMERHY £, ZNEZDOEFE out £ fragment (A
LT, 777 A MY == DRDAT =V THLT7 L=y 77 IZHALET,

70k, 2D vertex_color DIEIXT AX T A FIZL o THI SN TWND D, ZOEEONEIL
NWNe=T v I Ay ==X TRASNIAMEL R CIZ2 0 EIFRBY FHA, LIZR-T, ZOXHICL
Ty=—F7n 77 AMTZITELINLDEREZ, F7IZ varying B EFFOET,

#version 150 core

in vec4 vertex_color;
out vec4 fragment;
void main()
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{

fragment = vertex_color;

}
BYLT)ILTOY 5L step20
O LTHEHAICAZDTSE. K 116 DLIITHEDICTTTF— arBnfrx x4, —o
DOSNNE ZODIERNH Y 000, By LofIznb 2@ L=t 0lcren £97,

® ERITHR

X 116 TERIZRZ D258 OHHE

HE: BERBZ@HELENESICTS

BN T T —a DT RV, WiER O @ EE T2 50, varying BEOESIT flat
EWVO BT AT ET, ZOEBIIREBICHEIC#E DI ZTER (KR oainflibivEd,

O N—TYIRYT—H

#version 150 core
uniform mat4 modelview;
uniform mat4 projection;
in vec4 position;
in vec4 color;
flat out vec4 vertex_color;
void main()
{
vertex_color = color;
gl Position = projection * modelview * position;

}
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@ JSH AV TI—H

#version 150 core

flat in vec4 vertex_color;
out vec4 fragment;

void main()

{

fragment = vertex_color;

}

® RITHR

X 117 EAAZHRE LRWES ORERE R

2. attribute ZHDIBFADIERE

attribute ZHOLGHT (F5) 1%, IO XS Iy =—XDT 0 I LF TV N T
% IEATZ glBindAttribLocation() THEET 2 HIEDIENIZ, V> 7 RHZITEEETIC (FOEAIX
WY 72 GRS HEICEID RO ET) U v 7 B OMLE O T glGetAttribLocation() 12 & ¥ 15
HTENTEET,

GLint glGetAttribLocation (GLuint program, const GLchar *name)
N=T vy I AV z2—H DY —AT 07T AP0 attribute BHOLFHZHRHET, K MHEIT
attribute 24 name OFFTTJ, name ([ZFHE L7 attribute 250 program [ZHEE L7271 7
TAF TVl NORIZRSHHRTIE -1 ZIRLET,
program
attribute ZE DY AL 07T LF TV =7 MM,
name

NR—T 9 PRy 2—=F DY —AT 17 Z LHO attribute B D EEL D LFH,
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GLSL ®/3— =3 > 3.3 LA (#version 330) THALIE, ZDON—F v 7 A = —HF D attribute
BEROGHCT T 7 A b 2= OHNEROEGHIX, v x—F DY =27 077 AR TEEK
EHET HERC layout EffifE2 o CTIRETHZ N TEXET, £/o, ZOHEEIX GLSL O
—Yar 32 Th GPU DHRIKREE L THESN TV EERH Y £4. TOLEEFA—T v
JAz—H DY —AT /T ADOFHHIZ #extension GL_ARB_explicit_attrib_location: enable %
fFrhiE, COBREZEMTE X120 £7,

O N—FVYHRT—H

#version 150 core
#extension GL ARB explicit attrib location: enable
uniform mat4 modelview;
uniform mat4 projection;
layout (location = @) in vec4 position;
layout (location = 1) in vec4 color;
out vec4 vertex_color;
void main()
{
vertex_color = color;
gl Position = projection * modelview * position;

#version 150 core

#extension GL ARB explicit attrib location: enable
in vec4 vertex_color;

layout (location = @) out vec4 fragment;

void main()

{

fragment = vertex_color;

}

83 .ﬁ/o)”:?_‘")’.jzb\
8.3.1 =ZARDEHE

GL_LINES <° GL_LINE_STRIP\ GL_LINE_LOOP [ZWF 4 b # oy D 217 £ (X 55),
X & ¥ 0 S5 4H4121%, GL_TRIANGLES X° GL_TRIANGLE_STRIP, GL_TRIANGLE FAN
REEMFEHLET, WTLd —AREZHI< DT, KIEOT =X IZ=AFRICoEI SN TN D HLER
HYET, K 113 OENHEEEZR<ITE, flIEX 118 D =ATEOMAEDLE TRILET,
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(1,1,-1)

(-1,1,1) + ® @
E
& ® ®© ©@ 0 O
(q;quD @, 1, - = o =
i = [l]
. & ® © ® ©® ©0
(1,-1,-1) ¥
@ ® 6
1,-L1) B (1,-1,1)
®" GL_TRIANGLES

118 ZAF CRELEZEASNHEGE
IOF—HTE 6 DEHAREZAREDL IR T IR TEET,

R 6 HRARL=ZALR

B ATV R

JER ]

X y z =A% (1) =AF (2)
) -1 -1 -1 Y ) 1 2 ) 2 3
1 -1 -1 1 = ) 3 4 ) 4 5
2 -1 1 1 T ) 5 6 ) 6 1
3 -1 1 -1 A 7 6 5 7 5 4
4 1 1 -1 + 7 4 3 7 3 2
5 1 -1 -1 B 7 2 1 7 1 6
6 1 -1 1 =Akx
7 1 1 1

JERZ

0 (UTYIREFEH>T=AWITLSHEEEITHI Y T X SolidShapelndex

AT v I Ao TRNEREREZ 12 O =MAK CHil 3 %2 7 A SolidShapelndex % .
SolidShapelndex.h &5~ & 7 7 A )L|Z Shapelndex 7 7 A Z K L CTERLET, DV T
AL Shapelndex 7 7 A®D execute() A v RO —"—F 4 REFEITWET , 2D AT
72 O5180%, £DOFF Shapelndex P2 A NTZ 7 X IZELET, £z, —ARZ#HEIT LD
T, execute() THEAITT % glDrawElements() D% —54 mode % GL_TRIANGLES (Z L £7,

#pragma once

/[l ATy REFESEBOEE
#include "ShapelIndex.h"

[l AVTYIREFESZARICK LR
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class SolidShapeIndex
: public ShapeIndex

{
public:

// AVAKRSO A
// size: THRODMEDRT
//  vertexcount: TER D
//  vertex: THREMZHEHM L I-EE5I
//  indexcount: TERDA VT v I XADEFRHY
// index: TAER®DA >T v U RZEHML1=EF]
SolidShapeIndex(GLint size, GLsizei vertexcount, const Object::Vertex *vertex,
GLsizei indexcount, const GLuint *index)
: ShapeIndex(size, vertexcount, vertex, indexcount, index)
{
}

// HEEDEIT
virtual void execute() const
{
/] ZARTHEEYT S
glDrawElements(GL_TRIANGLES, indexcount, GL_UNSIGNED INT, ©);
}
}s

® A4 >T70O4 5L (main.cpp) DEE S

SolidShapelndex 7 7 A& E#FK L T\ 5~ X 7 7 A )L SolidShapelndex.h % main.cpp O § A
T #include LET,

#include <cstdlib>
#include <iostream>
#include <fstream>
#include <vector>
#include <memory>
#include <GL/glew.h>
#include <GLFW/glfw3.h>
#include "Window.h"
#include "Matrix.h"
#include "Shape.h"
#include "ShapelIndex.h"
#include "SolidShapeIndex.h"

main() B L D ATIC, REEREZBY DS T ZAFOESADOA T v 7 A (R 6 D=AFER) O
7 — 4 solidCubelndex ZiEML E 7, & LT main() WTIIENHEEDIESDNE cubeVertex
%{# > T SolidShapelndex 7 7 ADA » AHX v A&/ER L E T, T — X OTESOEIT 8 HTI I,
BT 2TEHROE (T v 7 208 1L =AFN 12 KD T 36 [Mic/zy 7,

[/ RNEROEZZEY DSAT=ZABDERDAVTYIR

constexpr GLuint solidCubelIndex[] =

e, 1, 2, o, 2, 3, //
5, //

et
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®, 5, 6, ©, 6, 1, // F
7, 6, 5, 7, 5, 4, // &
7, 4, 3, 7, 3, 2,// k
7, 2, 1, 7, 1, 6 // ®i
Ji £
int main()

€y

/] BET—2EEHT S
std::unique_ptr<const Shape> shape(new SolidShapeIndex(3, 8, cubeVertex,
36, solidCubeIndex));

/] 74 FIRRANTVSERYIRT
while (window.shouldClose() == GL_FALSE)

(HHE)
}
}

BYLT)ILTOY 5L step21

® EITHR

119 ZAFEME - THE L7Z/ER
8.3.2 HEMOEBDEYHNIT

ZABOTERIZEAZ DT EEIE. M 119 O X912, ZATBEONEATHAGZHE LA TR
DosInNET, LL, TRNTIENERLETERDOIC LD LT, mOFEMANIT-E L
WHDIZR>TLEWVWET, £Z2C, MZLICRRLIAEMT L LHEVWET,

EZAN K 118 ODRIICHAEZEBEOE TR LTI L HILICHAAEZEZ D LN
TEFEHA, HAAGMELF UL EHABMEZOT, MEXRFELCTHEMNELT, HABMITR
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RBHHLDIT ) £9,

CLL-DEO® =

©®O®
(-1,1,1) \ Qt@
00 (1,1, 1) © ®
GO
. OO6 . @%@ ® @ @ﬁﬁ @E@
(—%—1,—1) N o ONOJONOYZNENE)
(. -1,-1) ©_O
208 °
o T @O®-L) GL_TRIANGLES

X 120 4 5 v 7 A& o TAEEDOKE S GL_TRIANGLES THEITHE

O HEER I, FIZIEK 120 DX I —oDmEEMS LT 2 B =4 THE
CEWIFENREZLNET, & &, T—HDOIEAOHEIL 4 THA X6 H=24 HIZ/20 £9,
4 A TES OBIE 36 fHT,

® A4 >T70O4 5L (main.cpp) DEE S

main() BAEE Y RIIC, W2 EICEEE X RNEEROTERBIED T —# solidCubeVertex % B
LET, o, ZAFROTESDA VT v 7 ADT —4H solidCubelndex ., ZALUIHHLOETH I &
WZNET % (R CTEAE B Z2E-720) KO IEE L ET,

// BCEITBREEA-ANBARDIERES

constexpr Object::Vertex solidCubeVertex[] =

{

/1l &

{ -1.0f, -1.0f, -1.0f, 0.1f, 0.8f, 0.1f },
{ -1.0f, -1.0f, 1.0f, 0.1f, 0.8f, 0.1f },
{ -1.0f, 1.ef, 1.0f, 0.1f, 0.8f, 0.1f },
{ -1.0f, 1.0f, -1.0f, 0.1f, 0.8f, 0.1f },
/] &

{ 1.ef, -1.ef, -1.0f, 0.8f, 0.1f, 0.8f },
{ -1.0f, -1.0f, -1.0f, ©.8f, 0.1f, 0.8f },
{ -1.0f, 1.ef, -1.0f, 0.8f, 0.1f, 0.8f },
{ 1.ef, 1.ef, -1.ef, @.8f, 0.1f, 0.8f },
// §

{ -1.0f, -1.0f, -1.0f, 0.1f, 0.8f, 0.8f },
{ 1.ef, -1.ef, -1.0f, 0.1f, 0.8f, 0.8f },
{ 1.ef, -1.ef, 1.0f, @.1f, 0.8f, 0.8f },
{ -1.0f, -1.0f, 1.0f, 0.1f, 0.8f, 0.8f },
=

{ 1.ef, -1.ef, 1.0f, @.1f, 0.1f, 0.8f },
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P P Sy
B R R
(SRR
-+ - -
-
=

-
IR

PSR

PR R

2233
- - -

R R R R

>

// i

{ -1.ef, -1.
{ 1.ef, -1.
{ 1.ef, 1.
{ -1.0f, 1.

};

[/ RNEROEZZEY DATZABDERDAVTYIR

.of, -1.
.of, -1.
.of, 1.

.of, -1.
.of, 1.
.of, 1.
.of, -1.

of,
of,
of,
of,

PR R R

of,
of,
of,

of,
of,
of,
of,

.0f,
.0f,
.of,
.o0f,

o

[ORE R RN ]

(SRR R

.1f,
.1f,
.1f,

.8f,
.8f,
.8f,
.8f,

.8f,
.8f,
.8f,
.8f,

o ®

[ORE R RN

[ORE R RN ]

.1f,
.1f,
.1f,

.1f,
.1f,
.1f,
.1f,

.8f,
.8f,
.8f,
.8f,

constexpr GLuint solidCubelIndex[] =

{
0, 1, 2,
4, 5,
8, 9,
12, 13,
16, 17,
20, 21,

s

0, 2,
4, 6,

8, 10, 11,
12, 14, 15,
16, 18, 19,

3,
7,

//
//
//
//
//

20, 22, 23 //

F e of A Mt Rt

am|
]

o

[ORE ORI RN ]

[ORE ORI RN ]

.8f
.8f
.8f

.1f
.1f
.1f
.1f

.1f
.1f
.1f
.1f

}s
}s
¥

}s
}s
}s
¥

}s
}s
}s
}

main() BE%ELTlX solidCubeVertex & solidCubelndex % f#i - T SolidShapelndex 7 7 A DA > A
SRR LET,

int main()

&1

/] BET—2EEHT S
std::unique_ptr<const Shape> shape(new SolidShapeIndex(3, 24, solidCubeVertex,

36, solidCubeIndex));

/] 74 FIRRANTVSERYIRT
while (window.shouldClose() == GL_FALSE)

(HHE)
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® ERITHR

121 G LICABEZRXCHEBILEZER
833 AT Y I REFEOLTICHE

I Wt B2 RNERE, SEIA T v 7 Ao TICHIK 282 E2F T, 2056
ATOESAEMSELTHE I OT, T—FOTEAOKIIHWETATEAOKEF U 36 Hiz7 9,

o0 .
(-1, 1,-1) = -
i Y.
S
1, 29
(-1,=1,-1) (BAEE) @000 O®. 0
- 900000, O 1ol LAl LICICET:
X O OO OO0 @B
Bl @ @@
(L_la_l) @—F
% @)
(-1L-L1) T %(1, -1, 1) GL_TRIANGLES

122 4 V7 v 7 R EDLPICANEAKDLKEZ GL_TRIANGLES TETHE

o FEHD=AWICLHHEEZEITD Y T X SolidShape

SEXZORNEERE, AT v 7 AEDLIIC 12 Ko =M CHlili4 52 7 A SolidShape
%, SolidShape.h &9~ X7 7 A LT Shape 7 7 AZMEA L TERLET, 207 T A
Shape 7 7 A D execute() A Y v ROA—N"—F 4 RETEITWET, LR Tar AT
251 AEEDEE Shape DA AN 7 HIZELET, £z, = AL R T 5 D T, execute()
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A Yy R THEITT S glDrawArrays() O %512 mode %~ GL_TRIANGLES (2L £,

#pragma once

// EROEE
#include "Shape.h"

// =Rk BHEE
class SolidShape

: public Shape
{
public:

// AVAKRSO A

// size: THERDHEEDRIT

//  vertexcount: THENDH

//  vertex: THREMZI&M L /=B

SolidShape(GLint size, GLsizei vertexcount, const Object::Vertex *vertex)
: Shape(size, vertexcount, vertex)

{

}

// HEEDRLT
virtual void execute() const
{
/] ZARTHEEYT S
glDrawArrays(GL_TRIANGLES, @, vertexcount);
}
}s

® A4 >T70O45 5L (main.cpp) DEE S

SolidShape 7 7 A Z E#F L T\ b~ v & 7 7 A )L SolidShapeh % maincpp D 'F §H T
#include L %7,

#include <cstdlib>
#include <iostream>
#include <fstream>
#include <vector>
#include <memory>
#include <GL/glew.h>
#include <GLFW/glfw3.h>
#include "Window.h"
#include "Matrix.h"
#include "Shape.h"
#include "ShapelIndex.h"
#include "SolidShapeIndex.h"
#include "SolidShape.h"

NEARDTAREMED T — % solidCubeVertex KD X D IZEEL ET, FHEOHEKYDOEKDT
— 2L 3 EFHOHADT —F %, LHIHEDHADT —Z DEANHFALET, AT v 7 A
o7& XX, HHEO 2 HE oD “AETHA L TWE L, GL_TRIANGLES TlIA > 7
VI ABMEDRNETERZLATERNDT, ZORHEHROT —Z B2 TLENWET, £/,
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AT v 7 ADT —H solidCubelndex R EAENO TINIZEDLETEEL TWETR, 21T
EH2NOTHE L T THREWER A,

// BCEITBREEA-ABAROIRREM

constexpr Object::Vertex solidCubeVertex[] =

{

/1 &

{ -1.0ef, -1.0f, -1.0f, 0.1f, 0.8f, 0.1f },
{ -1.0ef, -1.0f, 1.0f, 0.1f, 0.8f, 0.1f },
{ -1.ef, 1.ef, 1.of, 0.1f, 0.8f, 0.1f },
{ -1.0f, -1.0f, -1.0f, ©.1f, 0.8f, 0.1f },
{ -1.ef, 1.ef, 1.of, 0.1f, 0.8f, 0.1f },
{ -1.ef, 1.of, -1.0f, 0.1f, 0.8f, 0.1f },
/] &

{ 1.ef, -1.0f, -1.0f, 0.8f, 0.1f, 0.8f },
{ -1.0ef, -1.0f, -1.0f, 0.8f, 0.1f, 0.8f },
{ -1.ef, 1.of, -1.0f, 0.8f, 0.1f, 0.8f },
{ 1.ef, -1.0f, -1.0f, 0.8f, 0.1f, 0.8f },
{ -1.ef, 1.of, -1.0f, 0.8f, 0.1f, 0.8f },
{ 1.ef, 1.of, -1.0f, 0.8f, 0.1f, 0.8f },
// F

{ -1.0f, -1.0f, -1.0f, 0.1f, 0.8f, 0.8f },
{ 1.ef, -1.0f, -1.0f, 0.1f, 0.8f, 0.8f },
{ 1.ef, -1.0f, 1.0f, 0.1f, 0.8f, 0.8f },
{ -1.0f, -1.0f, -1.0f, 0.1f, 0.8f, 0.8f },
{ 1.ef, -1.0f, 1.0f, 0.1f, 0.8f, 0.8f },
{ -1.0f, -1.0f, 1.0f, 0.1f, 0.8f, 0.8f },
=

{ 1.ef, -1.0f, 1.0f, 0.1f, 0.1f, 0.8f },
{ 1.ef, -1.0f, -1.0f, 0.1f, 0.1f, 0.8f },
{ 1.ef, 1.of, -1.0f, 0.1f, 0.1f, 0.8f },
{ 1.ef, -1.0f, 1.0f, 0.1f, 0.1f, 0.8f },
{ 1.ef, 1.eof, -1.0f, ©.1f, 0.1f, 0.8f },
{ 1.ef, 1.ef, 1.of, 0.1f, 0.1f, 0.8f },
// £

{ -1.ef, 1.of, -1.0f, 0.8f, 0.1f, 0.1f },
{ -1.ef, 1.of, 1.0f, 0.8f, 0.1f, 0.1f },
{ 1.ef, 1.ef, 1.0f, 0.8f, 0.1f, 0.1f },
{ -1.ef, 1.of, -1.0f, ©.8f, 0.1f, 0.1f },
{ 1.ef, 1.ef, 1.of, 0.8f, 0.1f, 0.1f },
{ 1.ef, 1.of, -1.0f, 0.8f, 0.1f, 0.1f },
// Hi

{ -1.0f, -1.0f, 1.0f, 0.8f, 0.8f, 0.1f },
{ 1.ef, -1.0f, 1.0f, 0.8f, 0.8f, 0.1f },
{ 1.ef, 1.ef, 1.0f, 0.8f, 0.8f, 0.1f },
{ -1.0f, -1.0f, 1.0f, 0.8f, 0.8f, 0.1f },
{ 1.ef, 1.of, 1.0f, 0.8f, 0.8f, 0.1f },
{ -1.ef, 1.of, 1.0f, 0.8f, 0.8f, 0.1f }

}s

[/ RNEROEZZEY DATZABDERDAVTYIR
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constexpr GLuint solidCubelIndex[] =

e, 1, 2, 3, 4, 5, //
6, 7, 8, 9, 10, 11, //
12, 13, 14, 15, 16, 17, //
18, 19, 20, 21, 22, 23, //
24, 25, 26, 27, 28, 29, //
30, 31, 32, 33, 34, 35 //

F e of A Mt it

am|
]

solidCubeVertex D EFHEE (THHE) 25 36 {HIZHY 2 72D T, main() BIE T SolidShapelndex 7
FADA LV AZ U AEEFLTND L ZADHROBEHEELET,

int main()
(HHE)

/] BRT—2EEHT S
std::unique_ptr<const Shape> shape(new SolidShapeIndex(3, 36, solidCubeVertex,
36, solidCubeIndex));

/] 742 FIRRANTVSERYIRT
while (window.shouldClose() == GL_FALSE)

(HHE)
}
}

BYLT)ILTOYS L step23

FEix, BT v 7T AT solidCubelndex DA 5 v 7 ZADNEFDY solidCubeVertex D TH &
DA & —E L TW\WbH DT, SolidShapelndex 7 7 A D> VD IZ SolidShape 7 7 A& HW\ T,
M e <HiEENET, LrL, Z0%OEALE ZOoFFICLTEEET,

8.4 [REEZE

MARMIE 2R R TR, MomEICRESm e fina2nk ol Lene, flRFESICHL b
PDELSDOHDXY bFANIHANTLED WO ZENEI Y £, thomicRShmz i
By (BRET2 -HETD) L0 Z L2, REEELEL WVWET,

8.4.1 HFDEER

FREHELHE OB DN, ZONHENEET 27 = A —va 2R rT585, FnrJ
LEEELET,

® A4 >2T70O45 5L (main.cpp) DEE S

main() B DO/ — 7 OERFTT glfwSetTime() Bz o THx A ~—% 0 Iy NL, £I»
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b ORRIMIR % glfwGetTime() THUSG L T, TN A2 E DL EEEEMICHENET, ZOBREEANDE
y BRI EEE T 2 AL TH A RO | TN AT T VEBRITINCE U E T, glfwGetTime() 23K 3%
W OHENLIR 72 DT, LRI 22 = 63 BT C—BLET,

int main()
(HRE)
/] BET—2EEHT S

std::unique_ptr<const Shape> shape(new SolidShapeIndex(3, 8, cubeVertex,
36, solidCubeIndex));

/] BA4R—% 0 [TEY k
glfwSetTime(0.0);

/] 74 FIRRANTVSERYIRT
while (window.shouldClose() == GL_FALSE)

(€]
/] ETIVEHRITIIERDH D

const GLfloat *const location(window.getLocation());
const Matrix r(Matrix::rotate(glfwGetTime(), ©.0f, 1.0f, 0.0f));
const Matrix model(Matrix::translate(location[@], location[1], ©.0f) * r);

(HHE)
}
}

void glfwSetTime(double time)
GLFW DX A ~—|ZHfilZzt v P LET,
time

‘12 b4 ]\‘a_%)a#ﬁfﬁ\ %"fﬁbi*}‘o

double glfwGetTime()
GLFW D% A ~—OHERAZ RV EE L TR L £, HAITE T,

® Window ¥ 5 X (Window.h) DZEE =

TaT T NS HEBEEET AT = A= a LT, T L THI RN EEET S
LY EE N E T DB (P 113) 282 L £ 3, Windowh TEFL T2 Window 7 7
A ® swapBuffers() AV v R T, A X NORGHIEEZA X NOFREAEL D glfwWaitEvents()
L2720 glfwPollEvents() 8]0 Bz TWi=d %, glfwPollEvents() 7212 L £,

/] D=V ITF7EANBIATAANY FERYHT

void swapBuffers()

{
/] W=\ T7EANEBEZD
glfwSwapBuffers(window);
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/] ARV EERYET
glfwPollEvents();

(HHE)
}

YT TOY 5L step4
842 BBEAUVY

DT T AEETTLE, BANIX 123 () DL HIZIELWAHEED L) i E T,
L2rL., ZORNAERZEEESES L, P CTELWAHEEKE LTERRENRL Y £4,

X 123 NEAE —EEE I EZFEORR

Z 2T, ANHEHEAK 123(d) DREICHDHEF, NHEOEKEHEZT — X DIETHIK &0 K 124 ©
X2 FET, ZOXIIZHEOKEET — X DIEICEREE LTV T TIE, @Rz
RN ELSRETEERA,

124 123 (d) Z—HE$ OfH

ZIZT, NREFROEKEmMIIEREEZRELET, ZHAEAOT —XOHEOERRIL, TOMHEMKT S
HROIEFETRTZENTEET, ZHADOHZMWNTWDEE IR, ZOHEOTESNLERY
WA TR, ZOEIIHSICK L TCELZRIT TS ELET (K 125),
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=)
") &

125 HICREZHRET D

ZoLE FEPLEMMPRZ T DEEH2NE ST SLHED XD M ZHEED
Laid, ZoX S RMEEZRT S Z A TEET (K 127), 2O E BEAH'Y 2 (Backface
Culling) WV ET,

SHROBEE, TOHERKROELIICLTTI ZENTEET, EFROBEERIBNT, =
BILDIERD AT U —r EOMLENT FvZz Po, P, P, &L, Py 205 Py (217297 hbz
Vi. Py 205 Py [T I N MVE Vo, LT 25L&V V) ODAFEV XV, O Z 3R IERD
Po. Py, P (F£EMEIY (i), ARSAEY M) (T8> TWET,

P,

Vi, =P, — Py = (dz1,dy;,0)
Vy =Py — Py = (dag, dys,0)

Vs

Py
Py Vi

Vi x Vo = (da1,dy1,0) x (dza, dys,0) = (0,0, dz1dys — daadyr)
>0 RZEZMNTWD

dxidys —dzody; ¢ =0: D3N TW3 (BX7W)
<0:EZMEVWTWS

126 ZATBDOREHE

® A4 >T70O45 5L (main.cpp) DEE S

OpenGL (21X Z OHIEMELMAIAETNTEY , UTOREICLVAMIT DL LR TEET,

int main()
(€Y

/] BEBEEET S
glClearColor(l.0f, 1.0f, 1.0f, 0.0f);

/] BEH)TERHTS
glFrontFace(GL_CCW);
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glCullFace(GL_BACK);
glEnable(GL_CULL_FACE);

[/ TATSLFTO) bEERT S

const GLuint program(loadProgram("point.vert", "point.frag"));
(HRE)

/] 74 FIRRANTVSERYIRT
while (glfwWindowShouldClose(window) == GL_FALSE)

(HHE)
}
}

BYUT)ITO5 5L step25

void glFrontFace(GLenum mode)
BLRUSH L CERMZ BTV DI () OXRMEZ515K mode ITHEE L £
mode
GL CCW 72 & BLCTHAMNAEREIY  (KFFEHEIY | Counterclockwise) D Z# & L, GL_CW 72
HIEANAEY (KEEHEIY | Clockwise) D% & T 5, 7 7 4 /L ME GL_CCW,

void glCullFace(GLenum mode)
Kin w2 HIER 27 iz HIFRT 222% 518 mode ([ZfEL 7,
mode

FifizHIkR9 %725 GL_FRONT, EHimiZ#HIfx3 2725 GL_BACK, 7 7 #/V ;& GL_BACK,

TG DOREDH, glEnable(GL_CULL FACE) % FAT9 47U, Bl UV ZRAENTRY £7,
EHEh VT BN T 5121 glDisable(GL_CULL FACE) #3#EfTL £,

TV N TEEHERA ) IR EDII o TCWET, £, T 7 4/ b Tl glFrontFace() 3
GL_CCW, glCullFace() 2% GL BACK (272> CWAH DT, ZHEAKRDINSH 2 Rz & & ICTEAN
R 1272 > TV, glEnable(GL_CULL _FACE) 727 CHmEA U > 7B £,

127 HF@EA Y v T 2T R o158
843 TTARANY I 7k
WiHEH Y o AT L mAERIC kT L CIALTTR., ZHRIRICHE NS -720 . ML EHAEATH
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BHEH-T-0 3250 (K 128) 121X, HFFLE-RR-BZELNRWZ ERHY £,

"I A

MEONERD 255 M ICMERH B B mE

128 HEA V705 £ DRV
® A4 >T70O4 5L (main.cpp) DEE S
Mz _HS>EATH LI LES, ZHoHOKEIE, —2HOMFEIZx LT (0,0,3) OfZE

WEE LET, ZOEEER Y —OSBOREOET VY 2 —EFHROFHHEATIUE., 2> HDK
ER—2HODKE E —FEIZE< o127 £9,

int main()

&1

/] 742 IRV TWSERYIRT
while (glfwWindowShouldClose(window) == GL_FALSE)

(HHE)

// uniform ZERICEZHRET S
glUniformMatrix4fv(projectionLoc, 1, GL_FALSE, projection.data());
glUniformMatrix4fv(modelviewLoc, 1, GL_FALSE, modelview.data());

/] HARZEHEY S

shape->draw();

// Z2EDETIVE 2 —EHTHERD D
const Matrix modelviewl(modelview * Matrix::translate(e.ef, 0.0f, 3.0f));

// uniform EHIZEZHRET S
glUniformMatrix4fv(modelviewloc, 1, GL_FALSE, modelviewl.data());

// ZDOBDRMEEET S
shape->draw();

/] D=V IT7EANBRIATARNY FERYHT

window.swapBuffers();

BYLT)ILTOY 5L step26
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® ERITHR

129 BHE OB ORBESRNE LS KRAINBWEE

COTUTTGREETTLE, FEEEOBRT T ODREORIBEBRAEN L RD L AN
DET (K129, IR FICELLEREND LT DITIE, omEIZE SN TRI RV E O
B AZ TR LRNWE T HMERHY ET, 0L REIHELHIZIISEISERFEND
DETHN, RERIRLEL WD DT T 7 4y I AN—RKuxzT T, TTRNYIT7
EHDHNNE Z Ny TFELEFIND FERNEH S THET,

TTANy 77 EREET AL TA X (41 i) 5L &0, BFRRMICBITE 2L T, &
HFANCHLR) TV (AR OfLE, TOBEBZDOELTLHFIETT, ZORETIE, 74 A
T A OFRFEE R CEFEROESNEZHNCHELET, ZORINIET AZ T A XENT-LHA
BORBEICEIT L2BITE (FT7A, WE, Z ) 2KHT 20T, ZhaTTRANY I 7, &
BNy IT7, HHWE Z 1INy T 7 EFEONET,

® TTRNY T 7EDFIE

FP, TTARY T OTRCOERIC, TOBEENIRY 9 DIEEORKEEZBEML THE F
7, 130 TlX, KOEEE 9] ITLTWET,
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y[olofolololofofo]of9 Zf-----
Alololololololol9]9]9 e
9olofololofofolof9]o
9olofololofofolof9]o IR
olofololofofolofofo Dl
9lofololofofolof9]o 37
9lofololofofolo]9]9
9lolofofololo]9]9o[9
olofololofololo]9]9
olofololofofolol9]9
> x 1

130 7 Ay 7 7 Of#L

T2 BBORY IUEHBELEY, ZORY ICORET 3] ThHELET, TSA
Ry 77 ORAFIZENIVRER 9] 20T, ZOR) IUOEFBIIFETERRINET, .
WY A BFRRUEBBEDNMBEDT T ANy 77 ONEFIL, ZOKRY T OWED 3] [ZHH S
nEF (X 131),

y[{olololololololol9]9
Alolofofofolololalofo
91919l9l9t313[bl9[9
9]9]9la13[3][3]9]9]9
9|3d3[3[3[3[3]9]9]9
9l9]913[3[313191919
9l9l9l9lot3l319[9[9
9lololololol3l9l9f9
9lole 241619191919
9lofofofof9ol9olalal9
P x
X 131 1#EORY I OHE

y(olololololololol9]9
Alolofofofolololalofo
91919]9l9t313[bls[9
9l9f9l313[3[3)s[0[9
9[x3[3[3[3]3]5]9]9
9l9l91331313151919
91919191543 13151919
9l9[5¥s515[5131519]9
9lofofof9ol9197151919
9161612791019]9]9]9
P x

132 2 EORY I ORE

I 2 MEBORY) 2B LET, ZORY IOFEEIX5] ThbELET, Z0EA.
TITANRy 77 DRENZFNL D REWN 9] OFFETIIZORY IURERRIN, T T ARy T
7 DOWNEN 5] ICEHENET, —FH, TTARy 77 ONERZENLV /NS 3] OEFET
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FZORY TURFFRREINT, BED 3 oFFLEFEINEEA (K 132), 2T X EEIZIE
AR BITWARY SOBFENFR RSN, TORICHHRY I OEFENRBEINET,

® 44270455 L (main.cpp) DEE S

OpenGL |ZIXZ OB AAENTEY | LTOREICIVAENTLHZENTEET, 7
T ANy 7 7 OYEMET HIi, glClear() @ 51401Z GL_DEPTH_BUFFER_BIT #iBf1L £,

int main()
(HRE)

/| BRBZIEET S
glClearColor(l.@f, 1.0f, 1.0f, 0.0f);

/] BEAYTEEDITS
glFrontFace(GL_CCW);
glCullFace(GL_BACK);
glEnable(GL_CULL_FACE);

/] TTRNY T 7E2HHMZT S
glClearDepth(1.0);
glDepthFunc(GL_LESS);
glEnable(GL_DEPTH_TEST);

[/ TATSLFToc) bEERT S

const GLuint program(loadProgram("point.vert", "point.frag"));

&1

/] 24 FIRRANTNSERYIRT
while (glfwWindowShouldClose(window) == GL_FALSE)

{
/] D4V EROEEET S
glClear(GL_COLOR_BUFFER_BIT | GL_DEPTH_BUFFER_BIT);

(HHE)
}
}

BYUT)ITO5 5L step27

void glClearDepth(GLdouble depth), void glClearDepthf(GLfloat depth)
glClear(GL_DEPTH_BUFFER BIT) T7 7' A/\w 7 7 |[ZEET HIRE #5144 depth IZHRE L £
4, glClear(GL_COLOR_BUFFER BIT | GL DEPTH BUFFER BIT) ® X 523 i, #F—
Y77 ET T ANy Ty HRIRFIZBY OS5 T ZENTEET,
depth
T T ANy 7 7 ICRET HH, 0~1 OEZRETE, FIHIMEIT 1
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void glDepthFunc(GLenum func)

WAT & DB A 5130 fune IZHEE L £

func
GL NEVER (7R YU T % FEKR LAWY, GL_ LESS (R Y T DEENT ANy 77 LD /S
FAUEXERRT D), GL_EQUAL (R U T DRENT T ANy 7 7 LELITHIEERRT D),
GL_LEQUAL (R YV A DRENRT T ANy 77 KO/ ELITNITERRT D),
GL_GREATER (AR VU IV DIEENT 7T ANy 7 7 L0 K& FhiE#E R %), GL_ NOTEQUAL
(R T DRENT T ANy 77 L% L L RITNIEFETRT 5), GL_GEQUAL (KU I D
FENRT T ANy 77 LD REWDELTIUZERRT D), GL ALWAYS (AR U I 2 ICHRKR
T5) BWRETE S, 7 74/ MME GL_LESS,

D DOFEEDH glEnable(GL_DEPTH _TEST) % #4793 HUE, 77 Ay 7 7 IEIC X D FEHETH
FHFNEN 20 £3, R TE E0F %2 HLh 24 5 (21% glDisable(GL_DEPTH_TEST) % 3317 L
F9, 7 74/ N TIHREEELB IR > TWET, £72, 7 7 4L F Tl glClearDepth()
23 1. glDepthFunc() 7% GL_LESS 272> T\ % D T, glEnable(GL DEPTH _TEST) 72} ChA M
FIEBHINZ 2D £,

® X1THR

133 BEMEELEZARCLEZES
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FIE [EFATT

9.1 ZEMEREETIL

[E¥ Dt (Y —T 4 %, shading) 1L, MEADOREITIZ Y TRRED, RKAHOMRE & 3HE
TONEDZ A NWET (X 134), 2D & ZNPEONME, RE (HADHS /@A) REORME, ¥
RFEO IO KGR (- X)), BLOPLEOALE & BRI < KA EORE & OREfRE R
L7bDEBEIDITETIV (YT —T 4 > ETIL, shading model) & WVET,

134 AHHE & KA

JEIRZ B RS S TR (ASDE) I REKE CTERIDE & IS ET (K 135),

135 IERHE & Bt
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20D BIETOCIIMEANTIRA LI, OSSN S ET, Z0oXiEH 5w 5 M
LB L TS SN2 0T, HhBURETSE (diffusereflection) & FRIEAILE T, —75 . IERSGITMIEE
i CASDEOIERS iz gl & 32 H i LT S, £o—8 R faicmE E£d, 2
HIERERHE THEDO L 5 ITKHT 5D T, EERFTH (specular reflection) & FEIZALE T,

SREIR SIS

136 —aBEREET IV

A, OB e SRR CE R L bONREELET, 2ok olc, KEEE
NOEDZODMATHFTTELRTEETNVEZBERNETILEWVWWNET, BESITTIL. Zh
(R 72 ESEIRN S OEEESEUN DD T D BB (ambient light) OE A2 £,

9.1.1 HhEAREA

WIENREZERZR G, BITbXzoh 2 EELET, L LWEIRERARIESE RO, EILIX
Z O THEL E IR Z MY KL, ASKEDL D FOMEOIRIZ K s & EX FF (K 137),
O & Z RS SIS ITIEN T OBELZ Lo THRREZ Ry, BIEROINRO 2 TO I M )%
T 2 L EZET, ThEEEEE S VWWET, F0, BRI AR IEAR DG
Ry D 5 HMENTRIR SN FIZE -T2 b DI D72, WEOGARFNTHET,

BT IE—HTEL - IRIX

137 JEEO A
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PEBSCI S D BRI S S DBREE I L FE T, & HICAS S OBRE X ASF DB I fF] L
F9. AFEOEFHEOM/Ne Ik TIE, AFHITFATHARE LR T LN TEL50T, TOIE
 d, NFAaE 6 &dhiE, AFRSCORBKEIIL d/icos 6 E720 F3, LN TARNKOE
FEII S 6 DR cos 0 ICHAILET, Ziak Lambert DRLER & W\ ET, WikE
DIEFER 7 "V N ESJEFH MO bV L B EBITHANY V7B cos §;=N-L T,

=]

138 ASNOEE

WE Ly 2 CIRRE OILBEER Y (BLE ORI TR Sy 2 0l 5 2 L3 T
SEEAD REEZDO LS RBMOPNE LED), Kiy 2RI OMEOILRS AR I L5
& & ZOMERETE T DILHSENIRE Ly 1 TR TRDONET, Lape Kagn BED Ly
IO ZJFE R, G, B D=2DHEFEF->TEY, @ FXOHEFTLOMERTHAETTT,

Liiff =cos0;Kgiff @ Laigr = (N-L) Kgirs ® Laify (75)

ZZTCNELODORTA 6N a/2 bk, T74b5 N-L BDADE XX, HEIWEERD
HUNZH DO T, JEBSHEEET 0 [T LET, max(x, y) 1 x & y OREWVWHZIRT KT
T, ZDET I L DEESIT DR %, 139 IR LET,

Idiff :maX(N-L,O)Kdifo@Ldiff (76)

139 LB SHEIC X AR OH]
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® A4 >T70O45 5L (main.cpp) DEE S

CHE IS A K OSHEIR) OTEAJEM solidCubeVertex DA[E # D TH AU TH A8 %
LTWE LTz, ZNEZOEFICBITDERNZ bITEEHBRZ ET,

=)
H

£

// BCEISEREEAANARDOIREREL

constexpr Object::Vertex solidCubeVertex[]

{

/1 &

{ -1.ef, -1.0f, -1.0f, -1.0f, 0.0f, 0.0f
{ -1.ef, -1.0f, 1.ef, -1.0f, 0.0f, 0.0f
{ -1.ef, 1.ef, 1.of, -1.0f, 0.0f, 0.0f
{ -1.ef, -1.0f, -1.0f, -1.0f, 0.0f, 0.0f
{ -1.ef, 1.ef, 1.of, -1.0f, 0.0f, 0.0f
{ -1.ef, 1.ef, -1.0f, -1.0f, 0.0f, 0.0f
/] &

{ 1.ef, -1.0f, -1.0f, 0.0f, 0.0f, -1.0f
{ -1.0f, -1.0f, -1.0f, 0.0f, 0.0f, -1.0f
{ -1.ef, 1.ef, -1.0f, 0.0f, 0.0f, -1.0f
{ 1.ef, -1.0f, -1.0f, 0.0f, 0.0f, -1.0f
{ -1.ef, 1.ef, -1.0f, 0.0f, 0.0f, -1.0f
{ 1.ef, 1.ef, -1.0f, 0.0f, 0.0f, -1.0f
// F

{ -1.ef, -1.0f, -1.0f, 0.0f, -1.0f, 0.0f
{ 1.ef, -1.ef, -1.0f, 0.0f, -1.0f, 0.0f
{ 1.ef, -1.ef, 1.ef, 0.0f, -1.0f, 0.of
{ -1.ef, -1.0f, -1.0f, 0.0f, -1.0f, 0.0f
{ 1.ef, -1.ef, 1.ef, 0.0f, -1.0f, 0.of
{ -1.ef, -1.0f, 1.ef, 0.0f, -1.0f, 0.of
=

{ 1.ef, -1.ef, 1.ef, 1.0f, 0.0f, 0.of
{ 1.ef, -1.ef, -1.0f, 1.0f, 0.0f, 0.of
{ 1.ef, 1.ef, -1.0f, 1.0f, 0.0f, 0.of
{ 1.ef, -1.ef, 1.ef, 1.of, 0.0f, o.of
{ 1.ef, 1.ef, -1.0f, 1.0f, 0.0f, 0.of
{ 1.ef, 1.ef, 1.of, 1.0f, 0.0f, 0.of
// £

{ -1.ef, 1.ef, -1.0f, 0.0f, 1.0f, 0.0f
{ -1.ef, 1.ef, 1.of, @.0f, 1.0f, 0.of
{ 1.ef, 1.ef, 1.of, 0.0f, 1.0f, 0.of
{ -1.ef, 1.ef, -1.0f, 0.0f, 1.0f, 0.0f
{ 1.ef, 1.ef, 1.of, 0.0f, 1.0f, 0.of
{ 1.ef, 1.ef, -1.0f, 0.0f, 1.0f, 0.of
// Hi

{ -1.ef, -1.0f, 1.ef, 0.0f, 0.0f, 1.0f
{ 1.ef, -1.0f, 1.ef, 0.0f, 0.0f, 1.of
{ 1.ef, 1.ef, 1.of, 0.0f, 0.0f, 1.0f
{ -1.ef, -1.0f, 1.ef, 0.0f, 0.0f, 1.0f
{ 1.ef, 1.ef, 1.of, 0.0f, 0.0f, 1.0f
{ -1.ef, 1.ef, 1.of, 0.0f, 0.0f, 1.0f

s

}s
}s
}s
}s
}s
}s

}s
}s
}s
}s
}s
}s

}s
}s
}s
}s
}s
}s

}s
}s
}s
}s
}s
}s

}s
}s
}s
}s
}s
}s

}s
}s
}s
}s
}s
}
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TEAUBMEDTE S A 2 IERR 7 MVICE S X 72D T, BA%k createProgram() THipT#H v L
TWATES MO uniform B OZEE4 color % normal (ZZEH L FE 9,

/] TRAGSLFTOzH FEERT S

/] vsrc: N—FYHIRVI—EDY—RATATS5LDOXES

/] fsrc: TS AVRYI—EDY—RATAT S5 LDOXES
GLuint createProgram(const char *vsrc, const char *fsrc)

{
/[l BEOTATSLF TSy FEERT D

const GLuint program(glCreateProgram());
(HHE)

/] TRATSLATOzH &)U TH
glBindAttribLocation(program, 0, "position");
glBindAttribLocation(program, 1, "normal");
glBindFragDatalLocation(program, 0, "fragment");
glLinkProgram(program);

/] ER L=z 09 S LAToy bERT
if (printProgramInfolLog(program))
return program;

[/ TATSLFTOoc) bPERTELRITAIE 0 BT
glDeleteProgram(program);
return 0;

}

® Object ¥ 5 X (Objecth) DEEH

Object 7 7 A (Objecth) T maincpp PEHIZHHOE T, HARMEDOHIER Vertex D A
INIEEE color & normal IZZEF LET,

//
// BfT—4
//
class Object

(HRE)
public:

/] TEREM

struct Vertex

{
/] &
GLfloat position[3];

/] ERR
GLfloat normal[3];

}s

€3]
s
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O N—TYHIRYI—FDY—RTFOY S5 L pointvert DEEH

N—T o 7 A =2 —HFD in B4 color % normal [ZEFE LFEJ, ZIUTERT PO T,

— XX vee3 IZLET, 72 out BEL vertex color & Idiff AR LET, ZO7—#M
vec3 ICLFET, ZTDIEH, HMIEONEORKERE Lpos, JEIRTRE OB RS Ldiff 36 &
OEE S SR 3R Kdiff 2 2 N2 EE TH 2 97, vec3(1.0) 1% vec3(1.0,1.0,1.0) &R L TT,

1 — 7 JVEERE R T D TERONLE position (ZET /L E = —EHATH] modelview % 3 U T,
BEEEZOTEENE P 2RO TEEET, 20707 T LA TIRELAOBEMOE 4 EE (w
FH) ZHE L TOEEAMN (glVertexAttribPointer() D% 2 513 size (21X 3 ZHEL TV D),
N—=TFT A 2—=HFD in BEOE 4 EBRIZIT 1 RELPLORESINTWET,

ZOIERIZBIT 2R STMORT My Lid, KIRONLE Lpos 7> b IEMONE P Z 5[ Tk

HET, ZNHIFE BICRKEERDOT, 722 O (11) OEBVESLTHLEREL, Z0
RO xyz B EESALLET, TR ETARDOER~Z FL normal 205, 3 (76) 12 X Y 5K
B YERREE 1diff 23RO FE T, dot() 1F27 MLOWNREZRD H GLSL OFLIABE T, Idiff 1%
out ¥/ DT, EFEOMETHE SN TTI I AL v =—FIZESHET,

#version 150 core

uniform mat4 modelview;

uniform mat4 projection;

const vec4 Lpos = vec4(0.0, 0.0, 5.0, 1.9);

const vec3 Ldiff = vec3(1.0);

const vec3 Kdiff = vec3(0.6, 0.6, 0.2);

in vec4 position;

in vec3 normal;

out vec3 Idiff;

void main()

{
vecd P = modelview * position;
vec3 L = normalize((Lpos * P.w - P * Lpos.w).xyz);
Idiff = max(dot(normal, L), ©.0) * Kdiff * Ldiff;
gl _Position = projection * P;

}

float dot(genType x, genType y)
R RV x EXRT MV y ONFEERYEE L TRT,GLSL OfAIAABI$K T, genType (%
SIBOT =2 RMMEETCHDLZ L AR LET,

X,y
WHEZRD D DD hy, ZODOXR7 MAOT —=ZRT—H L TWDLRELRD D,

genType normalize(genType v)
N7 v v ZIEFAE LT~ AV ZRVEE L TIRYT . GLSL OMAIALEE T,
v

ERUET D7 v, ROBEOT =235 8O7 =28 e —8T 2,
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genType max(genType x, genType y) F£71=I& genType max(genType X, float y)

X7 ML x & XTI (BLLIFADT )y ZHEHBITLITHKEL, REWHFOERERNL
L7 b ERDEE LTIRY, GLSL OfZAZBIE T,

X,y
T 57 b, y 8 float OKFL, 2D y & x Ol x DEFEE RS D,

IO OR%IT GLSL AR TY, C X C++ SO TEHY FHA,

@ JSHT AV I—HEDY—ARTOY 5L pointfrag DEE S

N=T w7 AT == N5IE out B 1diff IZIERB EREZ RO TWE LTehb, 777
AU Ry z—HO in B vertex_color % Idiff IZABLET, 20T —FRI =T v 7 A
= —& O out B Idiff LA L vecd TI, Zi%E vecd I[THEH L, 7L 7 7HOE 4 FH
W2 1 (REWH) 2ZRELT, 777 A2 OO out A fragment [ZfA L ET,

#version 150 core
in vec3 Idiff;
out vec4 fragment;
void main()
{
fragment = vec4(Idiff, 1.0);
}

BYLT)ILTOY 5L step28

® EITHR

X 140 IEBRERIC L D2BESITE2ITRoT-5BE
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9.1.2 ERAY FILDEER

140 IWAENEEZL TH, BEIETHE VAL L ET A, ZIUIWERM L L CTHE O\ X 53
ZALTWDDIZ, ZDWERRT MABREHLL TWRNWe T, BESTEZELIATID
(X, BIEOEERIZADE T, ERARZ MVBERRT 208860 £,

O & EIEMRAR Y bV E B S DT, BT MV EEEE OTEROME D HRD 5 7,
B D WITIERRN 7 PSR DOEEROEW A2 EH T 2 MERH Y £, MKEZEEET 570
ERANZ SVEFHRT 20130 LAHEa X RRENWO T, 2 TEBREDOER~Z kT 5
[EHE DLW SN TEZET,

WE, M EETVE 2 —EHITH (P 121) & LET, ERZ ML (x,p,2) ZEKREETEL
= (xyz0) lCZNER UL, TEAOEEE L R UAREZERSZ MICHLHEATE £,

/
T T Ozy Qyz Gzz by T
!
Y ) Uzy Gyy Qzy by Y
2 =M |7 | @ a a b z (77)
Tz Yyz zZ z
w' 0 Cz Cy C 0

INE D EHBBEOERSZ bV (L, 2) 1. WK TRODDLZENTEET,

2’ = AgaT + QypY + Qzp2
Y = apyT + ayyy + azyz (78)

!/
Z = Qg + Ay2Y +azz2

ZAUERZ MV (x,0,2) I M OF 4 17E8E 4 FIZIYBRW/MTE My 2 RCTEY . M
WZEEND ATBEIOREIIZ I EH A, L L, My ([EEST R ~OJEKHE /ot AR A2
GENLTVDLEAITIE, BRI MLEZIELSERTEEEA,

Bl Z 1%, K 141 (a) ORBICHT LT M 12XV x Franche/ T 5B 217 9 BRI, = D/NMTH
M4%:ﬁﬂ%@%ﬁN7kﬂﬂim%@ii%Ué&\%@&@NﬁthMQﬁﬁﬂﬂﬂ@

WL ER LR 20 3, 2072, [ (¢) DX IITEHEZLDOT P GN IRE
BOREEERZTHEM G 2, My b IO LILENRD D £7,

VA A . YA
N M,N : GN
M, |
> » >
(a) x b x ' © x

141 R S VOEE#
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ZDOL D G X, My OFEFEITS] (adjoint matrix) ZHAE L7726 D220 97,
G = (adj (My4))" (79)

BEFEFTRIIE My D& BERORKT-OFFIRE, T OBROGE LI LEICE O TR 5 2 228
TEET,

M,y

Qrg  Qyg. Oz Ao & ax DREF
aZy ayy azy Ayx t Cb)x@%? (80)

Qrz: Qyzy  Ayy

Bl ZIE, aw ORRFOITHX doe & ape DREFOITHIA dpy 12 IROLDITRY EF,

dpo = | v 2 Gay  Gzy (81)

9 dyx_

a'yz a/ZZ azz a/ZZ

ZN D DD ERZ DRI OV TH FERICATHIN 2 RoE, FEETINEIRA TR O ET,
dmm 7dmy dmz
adj (My) = —dye dyy —dy: (82)
dz:): _dzy dzz

7. My OTTH] My IZBELEATHI A 2 OFTFIR My TElo7= My = adj(My) / My T3,
L7285 THEBRANZ MLOEHITY] G X, G=M) &¢3+52L6TEET, &L My AR
72 EOEZITHITHIVUL, FEEATINIZ DEREITHIE 2D DT, G=My ¢ TDHZENTEET,

® Matrix ¥ 5 X (Matrix.h) DZEE R

AR BV OEBATH 2 RD D A Y~ K getNormalMatrix() %, Matrix 27 7 A (Matrix.h) |Z
BMLEST, ZOAY Yy RZAT7 V7 VEERLEFAND, const AV v RIZLET,

//
/] EHBATH
//

class Matrix

/] E|TIDESR
GLfloat matrix[16];

public:
(HRE)

/] EBRITHOERY FIRT
const GLfloat *data() const
{

return matrix;

}
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/] EBRANY FILOEBITHIERD S
void getNormalMatrix(GLfloat *m) const

{
m[@] = matrix[ 5] * matrix[1@0] - matrix[ 6] * matrix[ 9];
m[1] = matrix[ 6] * matrix[ 8] - matrix[ 4] * matrix[10];
m[2] = matrix[ 4] * matrix[ 9] - matrix[ 5] * matrix[ 8];
m[3] = matrix[ 9] * matrix[ 2] - matrix[1@0] * matrix[ 1];
m[4] = matrix[1@] * matrix[ @] - matrix[ 8] * matrix[ 2];
m[5] = matrix[ 8] * matrix[ 1] - matrix[ 9] * matrix[ 0];
m[6] = matrix[ 1] * matrix[ 6] - matrix[ 2] * matrix[ 5];
m[7] = matrix[ 2] * matrix[ 4] - matrix[ @] * matrix[ 6];
m[8] = matrix[ @] * matrix[ 5] - matrix[ 1] * matrix[ 4];

}

(HHE)

}s

® A4 >T70O4 5L (main.cpp) DEE S

BTN 2 —BHBATHIDN DIERR T MV OEBEITINZRD T, v =—X 71277 AD uniform
BEICHRELET, 2@ uniform BEOEHL L normalMatrix & LET, Y=—F T 75
HE. ZOEHDEHT % normalMatrixLoc & W) IRV IH L TEBE £4,

int main()
(&8
// uniform ZEHDIGHENET S

const GLint modelviewLoc(glGetUniformLocation(program, "modelview"));
const GLint projectionLoc(glGetUniformLocation(program, "projection"));
const GLint normalMatrixLoc(glGetUniformLocation(program, "normalMatrix"));

EBT VR 2 —EEATHN D GIERR T SV OERATH A KD, unform 24X normalMatrix (ZF% &
LET, ERT MVOEBITINT 3 1T 3 50 9 BEHRTTND, ROTZEEITII ORI DR
FIZE¥ normalMatrix DA X% ZHIZE O E T, 72, uniform Z#L normalMatrix £ mat3
T 25, glUniformMatrix3fv() Zfli-> CTEZBRE L ET,

/] 74 FIRRANTVSERYIRT
while (window.shouldClose() == GL_FALSE)

(HHE)

/] ERANY FILOEHBITII DKL
GLfloat normalMatrix[9];

/] ETIE L —E#THIERD S

const Matrix modelview(view * model);

/] EBRARY FILDEHITIERD D

modelview.getNormalMatrix(normalMatrix);
// uniform EHICEZHRET S
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glUniformMatrix4fv(projectionLoc, 1, GL_FALSE, projection.data());
glUniformMatrix4fv(modelviewLoc, 1, GL_FALSE, modelview.data());
glUniformMatrix3fv(normalMatrixLoc, 1, GL_FALSE, normalMatrix);

/] HARZEHEY S

shape->draw();

// ZDOBDEFILE A —EHITHNEKRD D

const Matrix modelviewl(modelview * Matrix::translate(e.ef, 0.0f, 3.0f));

// ZOBDOERERY FILOEHRTIZERD D

modelviewl.getNormalMatrix(normalMatrix);

// uniform EHIZEZEHRET S
glUniformMatrix4fv(modelviewLoc, 1, GL_FALSE, modelviewl.data());
glUniformMatrix3fv(normalMatrixLoc, 1, GL_FALSE, normalMatrix);

// Z2OEOREEZHEET %
shape->draw();

/] AZ—NYTF7EANBATARY FERMY BT
window.swapBuffers();
}
}

O N—TYHIRYI—FDY—RTFOY 5L pointvert DEEH

mat3 H D uniform 2% normalMatrix ZEM L, 2% in £% normal IZFELET, Zhz
GLSL D#HAIAABEEL normalize() %> CTEHIL L, vec3 MOZEE N 1AM L 97, IEEUX
FHESRE Idiff 1Z, 20 N ENXFEFHORT by L EORNFEICE RO ET,

#version 150 core

uniform mat4 modelview;

uniform mat4 projection;

uniform mat3 normalMatrix;

const vecd4 Lpos = vec4(0.9, 0.9, 5.0, 1.0);

const vec3 Ldiff = vec3(1.9);

const vec3 Kdiff = vec3(0.6, 0.6, 0.2);

in vec4 position;

in vec3 normal;

out vecd Idiff;

void main()

{
vecd P = modelview * position;
vec3 N = normalize(normalMatrix * normal);
vec3 L = normalize((Lpos * P.w - P * Lpos.w).xyz);
Idiff = max(dot(N, L), ©.0) * Kdiff * Ldiff;
gl _Position = projection * P;

YT TO5 5L step29
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® ERITHR

142 R MR BB LR
9.1.3 SHERE,

BEiH ST, ASHD 5 BHIERONIBIZHEAE T, WK CAF IO ER SN 7RIS L
7oA CF (X 143), LovL, 2T TIERAEZ R E LT - TWAH 2, Z O ITERS S
60 LTHTNEFATIRBR SRV L2 £9, £/, ICERS I B L
72 LThH, BEDBKRTHIUTRE ZEZRZRNTD, RITV AR RN L2 £7,

RER ST

143 SEmE AL

ZOXEIHIEE R ERIT EFENRELET, ZOFBIINHFOKRE SO EZET L
WET A Z ENTEETN, ZIUTHBERFHOPND BRI £7, 20O, ZORFEE R &
F1p LI G IR S 7 Mid, BARNZRREE ST FRIEL LTHEICRASh TV ET,

XV R, KRR FET HDICRZ N EVWSIDOLEY LD TE, £ 2T, ERKNEAWIEK
R OB/N2MMIC L o THEH L, BLRICIEZ0—EAE< LB ET, ZONRIIMEREm T
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HUBIRONERIZIRA LZR2WD T, MIEOEIITREINT, REOANRETDOEERMINET,
ERHHFHOBAR 7 FL R I, RIRFTRIOBEL R "LZ L, WEFHmOEREMN 7 K
NLE N ET5HELE (K 144), kA TRDDZ EmTEFET,

R=2(L-N)-L (83)

AN ERR

2(L'N)NT\\\
N
N
~N
N
N

(L*N)N

144 EEXHF R D7 ~ v R

BEF OB ST bvik V LT 58 &, ZOMKRREITIT D8ELNHIRE Ly X, K
XOLIIT R EV ONBEOREZELIHNTRDET, ZZTOHIETR EV ORTAH (X
145). Lypec VEEVRIREE O FTiH S HRLST (200 b BLFEO KR TS m b i & i+ 25 = &
TTEERAN, FEEZOLI BB BNE LET). Kpee (TR OME O S22

ELET, £, RO Ky, 1IHEERE (shininess) & FEINET,

Ispec = cos/Ceni GrKspec X Lspec = (R : V)KSM spec @ Lspec (84)

145 SHEKHNEEOEH
INHER EVORTA O 2 n/2 ULk, T70b5 RV BAD L X IDLIRNDIRIHE DR

e 5 OT, S EREX 0 IcLET,
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Iipee = max (R -V, 005" K o0 @ Lapec (85)

ZHX Phong DIEFEDIHFETIVEMENE T, ZOETVIC K DEEKSEIC X DEEIL.
146 O X 512720 £3, ViEICKT 2EZIL. AFAIZH»D LT ROHERIZOMA L ET,

146 Phong DR SITET NV K 2HEE R ORE OF

BEEARI K 1E. REWIZEERBIEDEL 220 £, F 728N BRE Kpee 1. FFERE
OMETIIHRFEOREZDOFEENMT L7200, KT L —IZRELET,

Ksni =10 Ksni =50

Ksni =90
147 ¥ X R ¥ OHIH

0, iR & LT cos™™0, #MEIED 7T 7 THRKT L, 148 DL HIz70 E3,

148 cos™"g,
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O N—TYHIRYI—FDY—RTFOY S5 L pointvert DEEH

N—=TF 7 A = —HFIT vee3 D out 228 Ispec ZiBIM L EF, ZAZHim Rt 2%
ALT, filflfEE 77 7 Ay ==L E T, ZOE0, JEIFBREE O H SN YRS Lspec
B L OFEmE AR E Kspee, BE AR Kshi # ENENERTH X ET,

BLEFRORY bV VL, HREER CTHIUZTESOAERY MV O#RT M) £
o, THEOAE P O xyz o Z EFAL THEEAREL T, £/, KRG MO hv L
DERF D7 ~v R 1, GLSL ORAIALBIEL reflect() Zffi>TRDHZENTEET,
ZOEENHFHMOR7 bV L OmEiE, K (83) Ik L TRxHIARY £9, oB, Zhb0A
FIEED dot(R, V) THHEENDH DT, Kln LA THAERIIFL T,

ZDOANHIDIERSH T O~R7 b R ERFT RO Mv vV OREEZRD, & (85) 12h
E DWW TCER IR A2 R Ispec ITRA L E T,

#version 150 core

uniform mat4 modelview;

uniform mat4 projection;

uniform mat3 normalMatrix;

const vecd4 Lpos = vec4(0.9, 0.9, 5.0, 1.0);
const vec3 Ldiff = vec3(1.90);

const vec3 Lspec = vec3(1.0);

const vec3 Kdiff = vec3(0.6, 0.6, 0.2);
const vec3 Kspec = vec3(0.3, 0.3, 0.3);
const float Kshi 30.0;

in vec4 position;

in vec3 normal;

out vec3 Idiff;

out vec3 Ispec;

void main()

{
vecd P = modelview * position;
vec3 N = normalize(normalMatrix * normal);
vec3 V = -normalize(P.xyz);
vec3 L = normalize((Lpos * P.w - P * Lpos.w).xyz);
vec3 R = reflect(-L, N);

Idiff = max(dot(N, L), ©.0) * Kdiff * Ldiff;
Ispec = pow(max(dot(R, V), 0.0), Kshi) * Kspec * Lspec;
gl _Position = projection * P;

}

genType reflect(genType |, genType N)
ERANT B N ORICAKT 27 by T OERFFmON7 brazR)Es LTiRT,
GLSL OfAIAHRBEHTT, 1-2.0*dot(N,I) *N ZiKL £,
I
AFFRT Fv,
N
ANES IR DIEBRAR 2 B b,
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TSTAV M T—FDY—ATOY 5L pointfrag DEEH

N—=TFT I AL = —HD out B Ispec DMiIAMEZEZZ TS in 24 Ispec 7 7 7 A b
L — FIGEMLET, e Idiff & Of% vecd [CHEHR L. A7 7 EOH 4 BRIZ 1 (R
HY) Z#REL T, 777 A FOBAD out BH fragment (ZIRA L ET,

#version 150 core
in vec3 Idiff;
in vec3 Ispec;
out vec4 fragment;
void main()
{
fragment = vec4(Idiff + Ispec, 1.0);
}

BYLT)ILTOY 5L step30

SEE R YEICBI L Tl A H MDY MLV EEERSFFRORZ FL R L7227/ 6, D%
DI, BRI DR MLV ERIFETFHORY7 hv L OFREIRZ v H BSWIRER O ER
BALARZ RV N &3 0, ZHVWDET AL LEH D £7 (K 149),

N Eig
H XTI )

149 TR 7 " ERWT-SEE RN EREDEH

L4V
L+ V| (86)
Ispec = COSKSM ethpec & Lspec = (N . H)KSM Kspec & Lspec (87)

INHEN & HODORTA G 2 n/2 LLk, 7777205 N-H BPAOD L X LIPS IRFEmE DR
e 5 OT, S EREX 0 IcLET,

Lipee = max (N - H,0)™ " K pcc @ Lypec (88)

Z X Blinn-Phong DEEDITETILH 5T Blinn DEFEDITETILEMENRET, 20
BT MCEDBEEMDLIC L DRBEIE 0L 910 3, RmIH T 2BEIT Ky KR TH
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AL Phong DEESITET VL DETILNY £, FHEHICHTIEMIIAFANE N E X
fEH A (AT A M) IO oz £97,

150 Blinn-Phong DR -STET M X 2 EEEIN N DORE OH]

Blinn-Phong D2 DT ET /ML, MEEREOWUN2MMIZ L5 K% L EiceT kL
£ 9 & T MU mE B (microfacet theory) D7 X J7% ., Phong DFEE DT ET /MM LTZE D
EWVRFET, BUNEEER TIIMERE O MY A ZBOBU N EINEOEEY ThoH L L bix, £
DI (QERRZ By n BHJRFEOR7 bV L EEEFORZ vV vV oFEogmE (R
fl~27 F)H & =B 2W0NER, RO ERRAICE S EEZXET (X 151),

i%%ﬁ
L L

v O#E v
L

151 UNEERDOE 2T

L7emoT, KEHEIEn 28 H & KT 2METREINE T, 20H LO L D 2 A B8 721
T, n T EEDOERZ MV N ZFEME & L2 E# S TET ML TE £9, Blinn-Phong
DEF ML, TNEERSEROLT cos™™, TRXBAT- LD LMRT L2 LR TEET,

O N—TYIRYI—FDY—RTFOY 5L pointvert DEEH

RGO by L OERKFFEORZ My R ORDVIC, L EHEEAF ORI MLV
EOPMAZ Fv H 23 (86) ICXVKRDET, ZHiF V 2RDLH LI/ EFENEET, H
R DH L XIZ normalize(L-V) & LTHHEWNEE A,

ZOWMNRT My H EHERANZ BV N ORNFEZRD, N (88) ITH & DWW THim A iR E
Z3R, Ispec IZIRALET,
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#version 150 core

(€1:2))
void main()
{
vecd P = modelview * position;
vec3 N = normalize(normalMatrix * normal);
vec3 L = normalize((Lpos * P.w - P * Lpos.w).xyz);
vec3 V = -normalize(P.xyz);
vec3 H = normalize(L + V);

Idiff = max(dot(N, L), ©0.9) * Kdiff * Ldiff;
Ispec = pow(max(dot(N, H), ©.0), Kshi) * Kspec * Lspec;
gl _Position = projection * P;

mYLT)ILTOY 5L step3
9.1.4 IRIBFXDKEH

LB R S X, SRS EHER W ARG, TRbbEECOREOETY, L
UM R DOFREIZIX, SR bEEET ., Mo TR S T < ML, R2EED X H 7K
RN E OB R E 9, & 2AHN, RICHBOLORBIIEMETH Y, Th 2z EkIZA
b5 LIRS TEHY A, WEKE TR LI, H< 0D <> THORE Uk
ICEET DL BEXONET, ZO5A, ERICRVEERHENA > TLEVET,

[EEES)w

Dt

152 EHEE L Mt

ZIZT, bOMBLZ ARG L Z LIEREO T, ERTRT LW OIEHEITHET, ZANERE
KT, BEDCOREE Loy BRFDCITT DRI L Koy &2 L& ZOWEREKREICE
T2 EREED S NIRE Ly TR TRDENET,

Iamb - Kamb & Lamb (89)

FEROME TIE, — RIS Ko IFHEBSISCORIMRIL Ky ERICICLES, E72 Laws (S
(T A SEIRIRE DL RS Layg CBEHE S BRI Lopee (SHANT/NS REZBE L &
T REWEZRET D L. BREOKDNIERRIIRY £,
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O N—TYIRYI—FDY—RTFOY S5 L pointvert DEFEH

153 BENOKEHHIZ X HREE OH]

N—T 7 Ay = — A ICBRENTRE Lamb 3 X OBRE ISR 5 KEHRE Kamb #2221
ERMTHAE T, —MRICEFDEIRE Lamb (T1X, SGIRIRE OYLE B GRSy Ldiff Z2E Sk
EZeELET, £ BREEICRT 2 AR5 Kamb (ZIZIEB SRR E Kdiff & A CfE 238 &
L%E7, 20 Kamb & Lamb %3 U T, BREDEOSIIEHRE Jamb 2RO E T,

70k, Z® lamb X out ZAHIZHT, Idiff ICZDOEFMAET, L7z - T, Kamb (2 Kdiff
ERICMHEZHRET 575, Kamb & FIZEDTIZ Idiff = (max(dot(N, L), 0.0) * Ldiff + Lamb) * Kdiff;
LTHLEHTEET,

#version 150 core

(€1:2Y)
const vecd4 Lpos = vec4(0.9, 0.9, 5.0, 1.0);
const vec3 Lamb = vec3(0.2);
const vec3 Ldiff = vec3(1.9);
const vec3 Lspec = vec3(1.90);
const vec3 Kamb = vec3(0.6, 0.6, 0.2);
const vec3 Kdiff = vec3(0.6, 0.6, 0.2);
const vec3 Kspec = vec3(0.3, 0.3, 0.3);
const float Kshi = 30.0;
(€1:2Y)
void main()
{
vecd P = modelview * position;
vec3 N = normalize(normalMatrix * normal);
vec3 V = -normalize(P.xyz);
vec3 L = normalize((Lpos * P.w - P * Lpos.w).xyz);
vec3 H = normalize(L + V);
vec3 Iamb = Kamb * Lamb;

Idiff = max(dot(N, L), 0.0) * Kdiff * Ldiff + Iamb;
pow(max(dot(N, H), ©.0), Kshi) * Kspec * Lspec;

Ispe

C =

gl _Position = projection * P;
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BYT)ITO5 5L step32




9.1.5 RETHEE

T DX D ITEESREE T SR EIRIE Ly BETE SIS HCTRSE Tpees BREDIED S IEIREE Loms
EARILTHELRET,

Itot = Iamb + Idiff + Ispec (90)

2

HEER R S5 RER RO REE REteRE
Id’ﬁ ISPEC Lomp Ly = Idijf+ L.t 1

spec amb

X 154 XEHEE

9.1.6 IKDHEE

TIETHIW T E 72 H RIS T 23l 72 O T, 85 S e BRI S 3 D180 H 1 A3 R 5
NTLEVWET, 22T, 22 TEHRICRXTEREHS L2l L THET, 7272 L. OpenGL 2
(Xl A B BEREIXZ R VWO T, ZEATELT 2 Z IRV ET, TOHEAETH, BitET S
AU ITULTHAEZHALTOIIE, K 119 OX S ICHETLZRY 20 OERCTERRTE LI
BIbT 50T, HERBREBNLHICKLKTHIENTEET, ZHIFRLA—RXV T —T a4 U J LIF
BENDT =y 7 TF, AL—Rx2—F 4 72OV TIE 94 HiCHLET,

4 155(a) DEROEEZFIK (b) DX I ITHELRETENENEFEAELICTTILES, Znx
LT, R (¢) DX REFITLET, O FITMEREBRNEAIZZD>TEBY, Th
FAUTERIRIZ 2 > TWET, #IBREAE Z D X 5 B TR L THR MM A H# <= 5, EiR
M XE & FRTIE T,

(a) (b) (©)
155 BROER
F7 157 X212, —HOEIN 1 OIEFEE, #EFWIZ slices . fETWINT stacks

DvAHICDELET, ZOWTOHRRZR BFR) ONE (s,0) 1, BRET RO T ROF T %
i, MBEFEOKRFROFELTE j LTDL, TNENRO LI ITROLNES (K 157),
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s=—t t=—7 1)

slices’ stacks

J ) ! E> D) mt

<

y
stacks —1 | = T

I
0 27s o

\/

=

6 s

156 ¥+ DIERK

InEL LI, PR 1 OFANERE EOSRONE (x,y,z) ZROET (K 157),

YA
y‘ (x’ysz)
=
m A \
5 x ST
2zs
(x,y,2)
V:
V4

157 ¥ RACEOHH

® A4 >T70O45 5L (main.cpp) DEE S

ZZTIE=AEEEM 5 DT, maincpp OFIHT cmath % #include L TRHEEJ, /o, Z
NETERL TV FEROTERBHEITER TRLTWE LD, ZOHFIETHRERIL L5 &
THEREICRVET, ZZC HABSEE Y0 7T ATERT S Z LIZLE T, main() BI%IC,
UTFO7m 77 s%&E8M0ET, EABMEEESITERL<, vector (2L T,

#include <cmath>

(€1:2Y)
int main()

&1
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// uniform ZHDIGFHFEZWMET S

const GLint modelviewLoc(glGetUniformLocation(program, "modelview"));

const GLint projectionLoc(glGetUniformLocation(program, "projection"));
const GLint normalMatrixLoc(glGetUniformLocation(program, "normalMatrix"));

/] BRDODEK
const int slices(16), stacks(8);

/] TEREEEED

std: :vector<Object: :Vertex> solidSphereVertex;

EFPT. (s, 0) ORFRICBTLES y Loy (ZBT 2HMAEROBEOFE r ZRKOET,

y = cos (mt) ©2)

r = sin (7t)

for (int j = @; j <= stacks; ++j)

{
const float t(static_cast<float>(j) / static_cast<float>(stacks));
const float y(cos(3.141593f * t)), r(sin(3.141593f * t));

j & stacks [FFEEL (int ) 72D T, ZZ T “j/stacks” £ LTCLE D EEHOREIZ/ZR>TL
FIHDT, FEE (float ) IZEBL THOHRE L ET, “3.141593t* ¢ L ot T,
WIZ, ZOWEOHBE EOSOMED x & z ZRDET,

= rcos (2ms)
x = rsin(27s) ©3)
for (int i = @; i <= slices; ++i)
{
const float s(static_cast<float>(i) / static_cast<float>(slices));
const float z(r * cos(6.283185f * s)), x(r * sin(6.283185f * s));
KDz x, y. z BT, HAEBEMEZOESMEY £3, THABRMEDOT —ZH @ Object: Vertex

1L 3 BEREONMNBEEMEE 3 BREOERT MLV THERINLTWET 9.1.1 #), Fazfosd
HEAERCIX, Bk EOMEEOSIZEIT 2 BALERSZ MViX, ZOROMEE —ET 5D T,
BT PV RICEEZRELET, Zhix, TERBEEZMNT D vector [ZIBIML 9,

/] TEREM

const Object::Vertex v = { X, y, z, X, YV, Z };

/! RREHEZENYT S
solidSphereVertex.emplace_back(v);
}
¥

DXL AT I ADT—HEERLET, 20T a7 T AT T 5 SolidShapelndex 77
Z A (8.3.1) TiXX% GL _TRIANGLES, 772G L7z =AFR TR LETho K152 =
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ABIZHEILTEXET, ZOKTOR | FH., it j FEHOKFEOES k 1L, RO
MO slices+1 TTND (X 160), WK TRDDLZ ENTEET,

ko = (slices+1)j+1 (94)

1 e i e slices
O O O

C C 8 O
. Clslzces +1 N _'slzces +2 \ \[N

o - o

ko = (slices + lm

7
7

/

Ky = ko + 1
™.
ly=1hk,+1 A
stacks O @, @, @, \L

158 ZAWSB ENTBRF LB FROES

/)
/Y
/7
/

Tk EEEOKRTEETAAHBOERY OB ESOFE T, TNEFNLLUTOL 1220 F
T, I ETRTCOABIZOWNTRD, OO =AFEOTESDA T v 7 AL LTEMHLET,
DA VT w7 AT HESITIE R < | vector ZHVVET,

ki = ko+1
ko = ki + slices 95)
ks = ko +1

/[l 4TI REED

std: :vector<GLuint> solidSpherelIndex;

for (int j = ©; j < stacks; ++3j)
{

const int k((slices + 1) * j);

for (int i = @; i < slices; ++i)
{
/] BRDA VT YIR
const GLuint ko(k + 1i);
const GLuint ki1(ke + 1);
const GLuint k2(kl + slices);
const GLuint k3(k2 + 1);

NGO TFEOEFE, ZOABOETEAEODZMAEOTESDA T v 7 AL LT, A
Ty AT D vector [ZIBIL FT,

/] ETO=AK
solidSphereIndex.emplace_back(ko);
solidSphereIndex.emplace_back(k2);
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solidSphereIndex.emplace_back(k3);

/] BLO=ARK

solidSphereIndex.emplace_back(ko);
solidSphereIndex.emplace_back(k3);
solidSphereIndex.emplace_back(k1);

}
}

ZD DD vector Zffi~ T, SolidShapelndex 7 7 AD A7V =7 N &AERK L £9, vector 7
T AN EN TN DT —Z OFSIORA > 2 2000 HFIZiE, data() &) A Y REfivg
T Flol FNITKEMINTWDL T —Z ORI, size() &V 9 A Yy FTHILGNET, 727201,
size() DRV EIT size t TITH Y, ZHUT 64bit DAL —FT 4 T AT ATIE int R E XY
REBBERST ZENTEDD, Tk GLsizei B (int TUFHY) ICEHBLET,

/] BET—2&EHT S

std: :unique_ptr<const Shape> shape(new SolidShapeIndex(3,
static_cast<GLsizei>(solidSphereVertex.size()), solidSphereVertex.data(),
static_cast<GLsizei>(solidSphereIndex.size()), solidSphereIndex.data()));

/] BA4R—% 0 IZtEY k
glfwSetTime(0.0);

BYLT)ILTOY 5L step33

® EITHR

159 ZmE A CITEl L7 BRO#HE

AU TOERRZ2Y B bETN, 1T slices & stacks 20T, HAVME 9.4 Hi
THFFRT 5D Phong DAL—RAL =—F 4V IZEVETHZ ENTEET,
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9.1.7 SKRDIEHE

INFET, ARNITETRBE L T TEFE L, 3DCG THWHN D & H AR
T, ZDIENCERIXRERARY b4 RB3HD 5,

N
“INS

J\\

FATHEHR RIEIR ARy kZA4 K
160 EAH) 72 JEIR

RERIZICEDENS R THROAEIZH Y . T XTOHFIIHFIEZ RS L TWD b0
T, MR EFE U RN RN OREDOF MK EHH L TNDHDIE, ARy 54 ~E
FREIVE T, b, FATHMITNENER O FIZH D LB ETIL, T WENS Riut
HFIIRE S EZFHFoTVRVETHD, L0 H T Eicib 4,

® EITHER

AT IERT IR DOALE D FIREFED w BHRE 0 12T 5720 T, WEOTARIZIRIT 206D
TR bV, SERALE DTHRDOMEZ G Wb O TT R, Tha X (11) ORIRERE DR
BT AE, RO E AT E KT 2 2 L 2<BMOHB O 2R TEET,

® SULIR

AOETRTIE, JEIRIC LY A SN S EFEDCIEN S OO “RIZHHI L ET, Z07D, P
AR T 2 ASCOE BT O “SRICRILFIT2 Z L2V £, L7eh > THROGFR T
NS ICTREE 2 SR & O RERED “ R TEI D LENH Y £,
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161 AEIR

JIRDNLEZ Lyoss MIEEH EORDONEL P L35 1 P ICBTLDNHIRE DL S
B d 13, UTFICkvRDonET,

1
d=—73 (96)

|Lp08 - P|2
L7l o T, ZHEZBE LT REIL, d 2958 R E & BREDE O AL I U
T, KOEHTRDDHZENTEET,

Itot = Iamb +d (Idiff + Ispec) (97)

72 L. ZOWBIIIEFICERTD, HERMEN SO L THEEND & RIEICHIRRE 722
STLEVWET, CG OV —HFIZEHFER =20 H 5 EE501F, BI2ITHROFIZA S Z
KBTI ARDHD LI RRPUTHY LET, Z0E &, 55 ZLORTMIEN TV DL DOITHEIZS
KRB, EWVWH ZERRIHZENHY ET,

BLEOMBIARE T, RESERGFET D2 EMEE AL TT L, MEEL RS LTl
KORPNCEHE LET, 207D, — OO FNEOBENIC L > T, Btz & 2 ADRBIRZMIC
bl ZEFRIV ERAL, L, 20X ) REMERLRERREO Ef/e BB, B
WEHRRE 3 000 £,

2T, B RIZKEHIT D BTV ROV ICEM RIZHEBEC G 2 ME A W20 |
B LT —EOHEEANWZV T2 nHY ET, ZhO6D=>OHEEHIC X 2L —DIC
FLOT, WATERLET,

_ 1

d=
Sc + 51 [Lpos — P| + 84 |Lyos — P|? (98)

T T se [TERBEIC X 5722058 ORGSR, s 1JHEBEI LGS 2 56 ORERE. s, (2R
D —RIZBBIT DWRBETT . 2D (ses1,5,) PHLZBBERRREE WVWET, (5o 5,5 =
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0,0,1) Ze b iHEBED “ IS EEH], (0, 1,0) 72 HEEBEICS LR, (1,0,0) 7226 —EIZ/e £7,

& XKy k34

ARy FTA OO T %E Ly & 5208 &, ZOWNEDA cpor 11F L &GIRTTIA
DIFR7 by L EONBEONEREMOET, NS sop 1FAR Y FTA FDIEDY 2l
BT 2MRET, TNDBREVIEERAR Y b T4 MIBI< 2D £5,

Lpos

K 162 ARy FZA F

Cspot = Max (_L : Ldi’m O)SMIJ (99)

PCHHEFREE I, R 2 5 58 LI RKDOEEE (L (97) iIC2hak L TROET,

Itot = Cspot {Iamb +d (Idsz + Ispec)} (100)

X (99) DEESAIE. ARy b T A FOFLOSLEENDIZ LN - T, D IR/ Hha KT
LET, EBEOARY bT7 A4 V2ELR DL, FLND—EOHHOHL S1XHE 0 AT,

FNEVIMANTEHICEE S LETRBRBWE Y ICEbNET . 2 TAR Yy 74 DI Ly 12
Xt HME 0 N—TFEDOAE 0, #HBAI-HATIE, KIROHLZEE 0 ICLTLED V) Hik

WY £ GX (101)),

X 163 ARy bFA hONRYZ—v 3
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(101)

1L, ZOFETHLAE 6, B 6, LV/PNSWEPHTIX, HASB™ R I8 LTLENE
T, £I T, —EDOAE 6, ETEMLIIEZ-TIZL, ZNEBITHOLH L I EZHRAITTT,
0, #HZNIT 0I2TBENI FELHY £9,

1 cos s > cost),
Copot = cos®*? @, cosb, < cosby < cosb, (102)
0 cos b, < cosb,

WEDMRIAZE B OB BCEEHE) XEHER A2 L TEBY ., CG 2B\ ThH, TDEHAHEE
FAWTKEBEREREZRDDH ZENARETT, L L—%IZIiZ, 2 bo X d Bz sAmn k<
Anshxd,

o BERTIE

HIRAEE D B & =13, KEDERER L O RS EORTICAR Y £, RO n b5 &
L, ROE IRV ET, 22T Lo Lage Fopee 130 ZNEN k B HOHIFIC X HBEHO
FESOICIREE PR S IR B R AR E T,

Itot = Z{Ifmb_’_jgiff_’_jfpec} (103)
k=1

S5z, k FHORROEHREREE & BINE o EBETIUE, KM K
KTR®D - EBTE &

ItOt = Z Cé:pot {Iz]:mb + dk (Itlic%ff + prec)} (104)
k=1

RIS, TR DO EDHPUS BARAF LRWVEREDE (F5L) Laoy & MIEBERPELT D5 E
DFICTRE (H IS Lo OV LT, BRI R Z G £,

Itot = Kamb & Lglob + Lemi + Z Cl;pot {Ifmb + dk (I!;iff + prec)} (105)
k=1

o )7 ILEEHE

X (105) OGN BESTET V) 1E, KA R & AR L, SRS T A L0 AL
BBt Ins e LTWET, Zhid, REZZO X CBMOH O 2L T, BESTOHER
EZRIBICHIK TE 2006 TY, ZHUCKD F— LR EORFENRT 7Y r—a kDb bd
BIHRISEREDGONE TN, BEOV T VT 4 ZRENRLOICR>TLENET,
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PR NEBIZHE N U 7o A SR IEHGEL & IR 2 0 i L 7= 0 BLERIZIZ AS R O JE B2 B i &
NEF (K 164), T DRSS S 42 O TRE TR s8N R B BEN 5 129 - THBR BB I
WF B0, RO ENPIRTE DD 538 T AUE, FERAIC A A & O S OALE S —
HLERRTZENTEET, Ll MEREOOFEEFREMNE < | LA IREEIZIT T T,

MIRICERENSHETEE T, 2D X9 R ITRE FEREL (Sub-surface scattering) & FEIXALE T,

KR :‘ ': KR :‘ ':
/N T N *
. R A5
i Eh)
iR o

164 R TEELOH &

Fo, BENXOKFNREZ EHTET LS5O L KIEREL T, ZOHE, BEX LT
FELRWVRI T, BEIIELORON R DIZ>TLEWET, L LHEEDE (A
EEETIL, KOBEIZS VAR AST-EZ AR 20 9 (K 165),

X 165 BEXEZERICL-BELBEXNEEZERBL-BE
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M2 B E LI [2 D7 iE, KIS (Global lllumination) &7 /L & FEIXAVE 3, Kk
MRIAET VTl IEBRHE O OMBLIC L > T, JOEICEDER S AZF—T)—T1 >
4" (Color Breeding) &9 B OFBLNA[HETT,

KEHPIET AT, RESZFRSTENFELZIMOHES 2L b TEET, 22 TIEREZIMV -
TWEREAR, HEPRTHNITELOERII< 2Z 0 L7 bDIZRL5DIZ L, HFREOKRE S %
BETWXEOBERIEDIDENGEEN DI LN > TE T2 DIl £9 (K 166), Fi-,
ZERRN—REIR D S EFFONIR (RZ2)) 1L 2BREEZRODLZEHTEET,

X 166 EEZEF o -R & K22k

RIBHIE 7 IR RE DR ICE  OBEREBET 2L BN 572D, FHAFFHAE <
DD EF, DT, OpenGL BHIG LT 5 U T /LZ A L 3D CG ~DHEANIZIL, %< DR
PENET, ZOVT VT4 &V TAEALMECIE ML — R T7ORERH Y £7,

LarL, BUETIE GPU O@EMERE LS, IR FIEFIEORRBIC L > T, i U 7 ARk
ARV TNVIALNIHBATEDLLICRSTVWET, EDOHT LBIED CG BT OAFFERFE D
MLy RO—2LoTWVET,

9.2 HXEDT—74
. OFEOT =X E AL Tl T ANLRETCESLLIICLET,
921 HEDT—4H®D uniform ZTHIZLZBFE

IHET, BEMFIHE S KFESCHEOT —F 13, ==X DY =270 7T LOPIZERT
FUR L TWE L7, TR TIHMHET 2MERLH Z LICBEER D, a7 T AOETHITHR
DECNEEZEZTVTDENELLIRY £,
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ZIT,. IO T =X ELTHEF L, filEFICA S T 0TI L (CH OT T T8 b
Vx—HTur I L5255 LET, IS LKEOREF (— B ORE G O FITH)
WCAEFS 5 Z LI O T, uniform BEIKEHAL T =—F 7077 MIELET,

O N—TYIRYI—FDY—RTFOH S5 L pointvert DEEH

Y —HA Tl T AONFEOT —Z DES A, uniform BEICEE L E4, T — &L ¥EME
WRFEFOFFICLTEEET, 20U ONE, £ uniform BEIZAA T 0T T LD
ERERE I NP2 T2 6 OWME (7 7 4V ME) 12720 77,

#version 150 core

uniform mat4 modelview;

uniform mat4 projection;

uniform mat3 normalMatrix;

uniform vec4 Lpos = vec4(0.9, 0.0, 5.0, 1.0);
uniform vec3 Lamb = vec3(0.2);

uniform vec3 Ldiff = vec3(1.9);

uniform vec3 Lspec = vec3(1.9);

const vec3 Kamb = vec3(0.6, 0.6, 0.2);
const vec3 Kdiff = vec3(0.6, 0.6, 0.2);
const vec3 Kspec = vec3(0.3, 0.3, 0.3);
const float Kshi 30.0;

ZORBTT R ITLEETLTS == F T u AR TEER LI ZIXEL T D4
FIH Y FHA), UATEEDLRWERBHTLENDITT TT,

® A4 >T70O45 5L (main.cpp) DEE S

ZNTIE, 26D uniform ZBEOEEAA T 07T APLRELTHEL LI, T, 8
JR O uniform E# DT % glGetUniformLocation() Zffi~> CTH Y H LTk & £7,

// uniform Z¥DIZREZMET S

const GLint modelviewLoc(glGetUniformLocation(program, "modelview"));

const GLint projectionLoc(glGetUniformLocation(program, "projection"));
const GLint normalMatrixLoc(glGetUniformLocation(program, "normalMatrix"));
const GLint LposLoc(glGetUniformLocation(program, "Lpos"));

const GLint LambLoc(glGetUniformLocation(program, "Lamb"));

const GLint LdiffLoc(glGetUniformLocation(program, "Ldiff"));

const GLint LspecLoc(glGetUniformLocation(program, "Lspec"));

/2. 25O uniform ZBHICHEET D uniform B OT —X ZRNCHE L4, RRO AT,
HFORRS LD Z FTFTHOLRS LTHAEL X I,

/] BET—2EEHT S

std::unique_ptr<const Shape> shape(new SolidShapeIndex(3,
static_cast<GLsizei>(solidSphereVertex.size()), solidSphereVertex.data(),
static_cast<GLsizei>(solidSphereIndex.size()), solidSphereIndex.data()));

/] KBRT—4%
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static constexpr GLfloat Lpos[] {0

static constexpr GLfloat Lamb[] = { ©.2f,

static constexpr Ldiff[] { 1.ef, 0.5f, 0.5 };
static constexpr Lspec[] { 1.ef, 0.5f, 0.5 };

.0f, 0.0f, 5.0f, 1.0f };
.2f, 0.1f, 0.1f };

/] BA4R—% 0 IZEY k
glfwSetTime(0.0);

% LT glUseProgram() Ty =—X 70/ 7 LA&ERR Lk, MEEZRHET /I, 25D
uniform ZEUEAZHE L ET,

/] ETIEL—EHTHIERD S

const Matrix modelview(view * model);

/] ERARY FILOE#BRITIHERD S

modelview.getNormalMatrix(normalMatrix);

// uniform EHIZEZERET S

glUniformMatrix4fv(projectionLoc, 1, GL_FALSE, projection.data());
glUniformMatrix4fv(modelviewLoc, 1, GL_FALSE, modelview.data());
glUniformMatrix3fv(normalMatrixLoc, 1, GL_FALSE, normalMatrix);
glUniform4fv(LposLoc, 1, Lpos);

glUniform3fv(LambLoc, 1, Lamb);

glUniform3fv(LdifflLoc, 1, Ldiff);

glUniform3fv(LspeclLoc, 1, Lspec);

/] HARZEHEYT S

shape->draw();

BYUT)ITO5 5L step3d

® EITHR

X 167 XFEOELZEE LI-HEE
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922 ARMNENERE

IR O E L. BRI S TIIR O TE 35 O A 2 R S AR R AW L= b OISk L THREL T

WET, DFED . HEOME S HREERICH D720, BRFEORED L 1T (0,0,5) THHIE
BREERO z @ b, $RbObHEMREICHY 3, Zokd, ZONRFICKBEIE, [~y F

TA R DEIRBDITIR>TWVET,

ZORIEONLE Z T — )b REFER BICEET 5I12i%, BIRONE I E 2 — B8 &2 0T 72 b
DOEHNWTERESITAEEITOVET, ZOLHII =—F 717 T A ETHREETT A, KO
ETIVEBITIN W EIIMNLICRET D720, A4 7a 775 THLN LD E o —EiHt
T ENTTyr=—F Tl I nMIETZ LI LET,

o Ny KILDT—4E Vector

TAVE CTHEEEIXES BT L TWE LD, ThaE AL 7 a s T AMITERITSI O Y
7 A Matrix EMAEDEDLTZDIT, Bl Vector EWH T —FREZHELET, BEHET A7 7
YD vector EfyHHO L TIOAREN, Tk Vectorh LWV I~ X7 7 A ITERLET,

Z D Vector 17 7 ARHEERTIT <, BEET A7 Z YD array ZHOWTERLET, £0D
72®OIZ, ~v X757 A array % Vectorh MFHAT #include LET, ZDIEMNIT, Vector &Fi
HEDED Matrix 7 7 A% EHR L TWD Matrixh b #include L E 7,

array |JAENET A 77 U D vector & [FARICHEGEIIC AT Y ZHElk LE T, BREOBE L
RIIATOT. B ORI L RRRICERBIIEEICRY £, RRERES RGBA THRIET 5 AT
BRENE HIT 4 72D T, Vector 1T 4 RO array DORI4 (typedef) & LTEHES LET,

#pragma once
#include <array>
#include "Matrix.h"

//

/1 "D KL

//

typedef std::array<GLfloat, 4> Vector;

FLCEE S ¥ 24 —"—F 4 RLTZ 7 A Matrix & Vector & DL EHET A8 % E
#LET, Matrix 7 7 AD data() AV v FIZEBITHNEZEANL TWD A L NORSIORA &
ZBELETNE, [ HEFICEVEA OEROMELIY HT Z LN TEET, i Vector D
FHEFBIIRLET,

ZORFEORERIL Vector BIOEH t ITHMLET, ZOMcxOERHESNEFEL LI []
HAEFIZEV ST DN TEETH B4 t TOHLDIERA ¥ TEAe 7 — X 2k %R
LET, LA oT returnt; (I2ED, ZOBEBORVE (“* EEFICKD2FREOMEE) 1X Vector
WMOTF — 2 BEPIREIET,
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/] FTHIERY FILDFERR

//  m: Matrix D75

// v: Vector DAY LU

Vector operator*(const Matrix &m, const Vector &v)

{

Vector t;

for (int 1 = 9; i < 4; ++i)

{
t[i] =

m.data()[ @ + i] * v[@] +
m.data()[ 4 + 1] * v[1] +
m.data()[ 8 + i] * v[2] +
m.data()[12 + i] * v[3];

}

return t;

}

® 4427045 L (main.cpp) DEE S

Z® Vectorh # A A 77 Z ADFEET #include LFE T,

#include <cmath>
#include <cstdlib>
#include <iostream>
#include <fstream>
#include <vector>
#include <memory>
#include <GL/glew.h>
#include <GLFW/glfw3.h>
#include "Window.h"
#include "Matrix.h"
#include "Vector.h"
#include "Shape.h"
#include "ShapelIndex.h"
#include "SolidShapeIndex.h"
#include "SolidShape.h"

uniform ZZ¥IZIET IO E DT — 2 % Vector BUZZE U FE 7, BFIEK TV DOTH
BT[] 220 B0 EEH Y FEAMN, FIHHEENEFE T T,

/] KBRT—%

static constexpr Vector Lpos = { ©.0f, @.ef, 5.0f, 1.0f };
static constexpr GLfloat Lamb[] = { ©.2f, 0.1f, 0.1f };
static constexpr GLfloat Ldiff[] of, 0.5f, 0.5f };
static constexpr GLfloat Lspec[] of, 0.5f, 0.5f };

{ 1.
{ 1.

R, ZONJRDALET —F Lpos I[ZE 2 —EHDITH] view Z#F U ET, ZiLlE Vectorh
TEF L7z operator() BIEIZ LV BITaNE T, ZOEVED Vector BliL array DRIL 72D T,
array @ data() A Y v REES> THRMENTWDET — X RKIE~DOFRA X 20 HLET,
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// uniform ZEHIZEZERTE

glUniformMatrix4fv(projectionLoc, 1, GL_FALSE, projection.data());
glUniformMatrix4fv(modelviewLoc, 1, GL_FALSE, modelview.data());
glUniformMatrix3fv(normalMatrixLoc, 1, GL_FALSE, normalMatrix);

glUniform4fv(LposLoc, 1, (view * Lpos).data());
glUniform3fv(LambLoc, 1, Lamb);
glUniform3fv(LdiffLoc, 1, Ldiff);
glUniform3fv(LspecLoc, 1, Lspec);

® XITHR

168 KR BEEH L1-FHER

9.23 HBHDAIR

BYT)ITO5 5L step35

ZOV—=ICHFEEZBMLTHEL & O, HIEPEED DO KIDEFREL, —>— 2D

XD REEREOEFHZRY £ G (103)),

O N—TYIRYI—FDY—RTFOY 5L pointvert DEEH

£, RO T —Z 2% TS uniform ARSI LET, BAIIOBEFELITIELME TRiTH

FWTFEEA,

#version 150 core

uniform mat4 modelview;
uniform mat4 projection;
uniform mat3 normalMatrix;
const int Lcount = 2;
uniform vec4 Lpos[Lcount];
uniform vec3 Lamb[Lcount];
uniform vec3 Ldiff[Lcount];
uniform vec3 Lspec[Lcount];




const vec3 Kamb = vec3(0.6, 0.6, 0.2);
const vec3 Kdiff = vec3(0.6, 0.6, 0.2);
const vec3 Kspec = vec3(0.3, 0.3, 0.3);
const float Kshi 30.0;

in vec4 position;

in vec3 normal;

out vec3 Idiff;

out vec3 Ispec;

Idiff & Ispec (ZF M ENAILHBIH EIREE & Bl K AHOEREDAFH A RO E T, TDDIT, £
FTINOLDOEHKZ 0 IZLTREET, b, BENO K I TILBtmEIC G/ LET
DT, fERNZAFERD D Z LT LERA,

void main()
{
vecd P = modelview * position;
vec3 N = normalize(normalMatrix * normal);
vec3 V = -normalize(P.xyz);
Idiff = vec3(0.0);
Ispec = vec3(0.0);

PR Z & AR S R & BEi SO IR 2R . F i 1diff & Ispec I[ZHNE L £ 7,
HIRDOT —H O uniform ZEIIESNC L7=D T, [] 2T CTEx OEZRE2BEELET,

for (int 1 = @; i < Lcount; ++i)
{
vec3 L = normalize((Lpos[i] * P.w - P * Lpos[i].w).xyz);
vec3 H = normalize(L + V);
vec3 Iamb = Kamb * Lamb[i];
Idiff += max(dot(N, L), 0.0) * Kdiff * Ldiff[i] + Iamb;
Ispec += pow(max(dot(N, H), 0.0), Kshi) * Kspec * Lspec[i];
}
gl Position = projection * P;

}

® A4 >T70O45 5L (main.cpp) DEE S

HIRDOT—H ZBMLET, x HH\ (8,0, 0) NHEVE (09,09,09) 24 TTAHAEL X I,
BRESEOFREIL (0.1,0.1,0.1) < WL THAET, HIADOME Lpos 1XEHNC L £ T,

/] KBRT—%

static constexpr int Lcount(2);

static constexpr Vector Lpos[] = { @.ef, @.0f, 5.0f, 1.0f, 8.0f, @.0f, 0.0f, 1.0f };
static constexpr GLfloat Lamb[] = { @.2f, @0.1f, @0.1f, 0.1f, 0.1f, 0.1f };
static constexpr GLfloat Ldiff[] .ef, 0.5f, 0.5f, 0.9f, 0.9f, 0.9f };

static constexpr GLfloat Lspec[] = { 1.ef, ©.5f, 0.5f, 0.9f, 0.9f, 0.9f };

HIRONLENZ B o —ZEHATH view Z T 72 H D% | uniform ZH Lpos IZEZFRE L £7,
uniform A% Lpos HEFNZ L TWET A, E DOl # DEFRIL, Lpos OHPT LposLoc 7> H D
FRMLEIZY £9, DF D | Lpos[0] OATIX LposLoc (2, Lpos[1] @&l LposLoc+1 T,
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BOSN BB FF STV D EE DT — H % —E 2 uniform B OEHNIFEANT H5E1T. HH
55— % D% glUniform*fv() D% 2 5IHICHEE L £,

// uniform EHIZEZHRET S
glUniformMatrix4fv(projectionLoc, 1, GL_FALSE, projection.data());
glUniformMatrix4fv(modelviewLoc, 1, GL_FALSE, modelview.data());
glUniformMatrix3fv(normalMatrixLoc, 1, GL_FALSE, normalMatrix);
for (int i = @; i < Lcount; ++i)

glUniform4fv(LposLoc + i, 1, (view * Lpos[i]).data());
glUniform3fv(LambLoc, Lcount, Lamb);
glUniform3fv(LdiffLoc, Lcount, Ldiff);
glUniform3fv(LspecLoc, Lcount, Lspec);

BYLT)ILTOY 5L step36

® EITHR

169 B O | Z AW 317

N—=T I A 2—H DY —AT 177 A pointvert Tix, HIADEL Leount % EEKIC L TV
F£9, Z4b uniform ZHEICL TAAL T 07 T ANLEEE 20 =—X 7077 ATHEER
DEONIFEZEHR S ZENTEDLEIERVET, LinLl, P=—F 70l T LORINERDUTR
BIXEHTRINERLRVOT, BEHAEALDICES L TBLREDLRP/LEIZRY £7,
Flo, v=—F7n s 7 ANOBDIRUIT, Y IRLOEFENERTRVNE, RMPIEFITHES
MHTEMBHY ET,

9.3 MEDT—4

MEDOT—Z L HIROT — X L EFEIC uniform ZBEIC LT, AAM Tl I ahbyro—F T
077 AIETLIICLET, LrL, BEOKBIZKH L TR LT =203 065 Z 3% 0
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HIROT =Xk LT, MEOT — 2 Il 2B Z L IcEAT s, MEOT —4% (THAES
FTVx 7 N ERBAICERSNDOBEETT, 20L&, MEOT = EREOT—4 L
[/l U X 512 uniform ZEIZEHEFE DT TLE S & MEEZOVEZ 272y =—F T r s T
LD uniform ZEOLFTEEE L CHAZRETH2LENH Y £7, £, Z0dliiyz—47
077 50 uniform ZEOEHZEWT HHENH Y MEOT =2 2 XEOT —% LML LT
FERTHZENH LI £7,

931 AZTA—LNYyITF7XTVxy bERAERA U F

FIRSOME 72 & D X 9T uniform BHICHETHT —F %, HABMHERAKICIHLNL LD
GPU LDONR Yy 7747 V=7 MIEWTEBL ZENTEET, 2oy 7747 V=7 MEa
ZOA—LNyT7AFA TP Y b (Uniform Buffer Object, UBO) &\ FEJ, Zi L uniform &
% . uniform ZHOLGITIMET L2 W EERA > b (Bounding Point, BP) %41 L T M#2AYITHS
WDFHZEICLy, AROREL kT 5 Z &N TEET,

Bounding
Point ] 7[7'.%

Uniform
Buffer Object

ER ER ER B
Bk Bt Bk Bt
Vertex Buffer Object Vertex Buffer Object

170 Uniform Buffer Object & Bounding Point
O N—TYHIRYI—FDY—RTFOY S5 L pointvert DEFEH

FF, EHTHZTWET — ¥ % uniform B TZTWALHIcLET, 2L, 2=7 44—
LRy Ty AT V=27 FEMWDHOT, ff%1C uniform ZHICT 25D TERL, 22 EL DT
uniform 78w 22 L £ 7, layout (std140) X, Z @ uniform 782 v 27 DAEY LA T 7 k3,
uniform 7 1 v 7 OfE (EF) & BT L L ERIELE T,

#version 150 core

uniform mat4 modelview;
uniform mat4 projection;
uniform mat3 normalMatrix;
const int Lcount = 2;
uniform vec4 Lpos[Lcount];
uniform vec3 Lamb[Lcount];
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uniform vec3 Ldiff[Lcount];
uniform vec3 Lspec[Lcount];
layout (std14@) uniform Material
{

vec3 Kamb;

vec3 Kdiff;

vec3 Kspec;

float Kshi;
s
in vec4 position;
in vec3 normal;
out vec3 Idiff;
out vec3 Ispec;

® HMEDHEEAKR Material

ME DT — % OHER Material %, Materialh &9 7 7 A VICER L T, ZOHEEERD 2
YRORERRIE, N—T v I A 2 —HF DY —AT 17T A pointvert @O uniform 71 v 7 L —F
L72bDIZLET, ETOBEE, vec3 # 0 uniform ZHUE 16 /1 MERIZ, float B uniform &
B 4 A FBERICEIND IO, THENO A N alignas(16) 3 5\ alignas(4) & 5 7E
LE9, uniform 782y 7 DAEV LA T T MZOWTIFZRIFEMR L ET,

#pragma once
#include <array>

struct Material

{
/] BREBEXD RS HE
alignas(16) std::array<GLfloat, 3> ambient;

/] PRERRESHRE
alignas(16) std::array<GLfloat, 3> diffuse;

// SEERSHRE
alignas(16) std::array<GLfloat, 3> specular;

/] BERY
alignas(4) GLfloat shininess;

}s

@ 1=-JA—LNYITF7A T D% 5 R Uniform

ME LIRS, 2= =2y 77472/ N®OZ 7 A Uniform % Uniformh &9 7
A INICERZLE T,

LIAT, =T =N\ I 7 ATV N REDNY T 7 AT V=) Nears AT 748
THERLTT AN ZTHIBRT 2 L5125 L. ZOAVAZ L ADa =P EEGFEL, £
NERFAUANY 7747 V=27 FEBBLTVWL L XD, TOLER»—DDHIRICE > TNy 7
7AT V7 NRHIBRENTLED, BOVDA LV AZ U ANBIEXT 7 BATER{M>TLE-
20 RO DA AZ L ARHIRENT L ZIZT TIHIBRSN ANy 77 A7 V=7 FEHIBRL
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£9ELLT OpenGL =T —%5B|ZEZ LY LET,

ZOlH, HERESNA T V27 NREANY 7747V NeBRTH7 7 ATiE, a—
A AT 7 ZRRANHE A% private IZL T, A VAF U AQab—AKEZEEELTWELE
(P.81), =T =Ly Ty ATVl NCHOEOFEEZRATHZENTEETN, 22T
IFA~— hARA % shared ptr (X 56) #ffio> T, ¥ XTOA L AZ L ADa—nHlRIND
FTCARAY T 7 ATVl MPRHIBRENRNEICT DT 7=y 7 BB LET,

F 72, Material HERDOHEEIL uniform 7 7 v 7 OREEZ IR L2 b DI D7D, Bip bk
WAFTOHAERAT 57 L LT uiform 7' 2 v 7 OWENET S5 L. Material #E A DO
EHAER LA Ee v £ A, £2 T Uniform 7 7 A 3707 L— b7 AL T, =7 %
—AhT7 By OBEDELITHIETEDL LI LET,

#pragma once
#include <memory>

//

/] A=ZTH—LNyITF7HFITSH b
//

template <typename T>

class Uniform

{

template <typename T> IZ L > T, ZHICHKS 7 T AIX T W9 (RD) 7 —#MEH LITE

#EINFET, 2D private AN ERICA =T 42NNy T 7 ATV 27 FESRT DHIOHE
EIR UniformBuffer # €% LET, TOI VA NT I X TIL=T 4 — 2Ny T 7F T V=) N
B L, TA ST 72 TCENEHIRLET, ZOLEa A NI 7205 H0M%E T BOKRA
YHTHE L, ZOBBONEEER L2 =T =Ny T 7 AT V7 MUK L ET,

struct UniformBuffer

{
/] A= T A—LNYIT7H TP +E
GLuint ubo;

// AVAKRSHA
// data: uniform JZOvYIZHEMT HT—4
UniformBuffer(const T *data)
{
/] A= TA—LNYITF7Ax T bEERT S
glGenBuffers(1, &ubo);
glBindBuffer(GL_UNIFORM_BUFFER, ubo);
glBufferData(GL_UNIFORM_BUFFER,
sizeof (T), data, GL_STATIC_DRAW);

}

/] TARLS9%
~UniformBuffer()

{
/] AZTF—LNyIT7H Ty FEHEIKRT S
glDeleteBuffers(1l, &ubo);
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}
}s

Uniform 7 7 A ® private A > /NI, fflZ UniformBuffer #&KDOR A o Z A ~— MR A
4 shared ptr & U THRFEFLE T,

[/ Ny IT7HT2xy b
const std::shared_ptr<const UniformBuffer> buffer;

% LT Uniform 7 7 AD =2 A 77 ZTiE, 5/%% M\ T UniformBuffer #i&EA&D A > A
B A —2MER L, LFRO A N buffer ZHIHHEL £9,

Uniform 7 7 ADA Y AL o A at =425 &, 20O buffer ONELIE—SH, 28—
TeA AL A LA — @ UniformBuffer f{IEARDA A Z U AEZWE 52 L1220 £7, RIC
buffer 23l DR A > Z B THIVUL, buffer TSN TVDRA > ¥ ZI/RIGIC delete L7
WERD . ZORA 2B LT D ERITHIBRESNEFA, L2 -> 7T, Uniform 7 7 ADA >
AH U AR—OHIBRENTH, TANBM L TW5D UniformBuffer #EED A > 2 % o 21T HIER
ENNTd, =T 3 =2 RNy T 7 ATVl FHHIBRESRERE A,

L22L, ZATETARTOA U AZ U ADHIEREN TS UniformBuffer #iERD A A% A
DHIBRE SN Z &> TLEVWET, £ T buffer & A~— hAKRA ¥ shared ptr 1275
ZLICRY BEDA L AZ U ANHIBRS LD & &2 UniformBuffer #1ERO A 2% 0 2 HH|
PrED L H1c72 b £,

%72, Uniform 7 7 ADEKEEST5H E—>0 UniformBuffer #&E(RDA > 2 # 2 % ERK
LETR, ZOEHITHIO Uniform 7 FADA v AZ o ZAERALTESE, bbb LRI T
7o (EFESWFITAERK S 4172) UniformBuffer #&E KD A o 2% o ZTHIBRENE T, T ORGSR,
BEA~ORANZE O EDI WSy 77 AT V=7 MREDZ EBBIETEET,

B, ZO5EDT 7 4V FEIIC NULL 2R ELTBITIEX, 7740 ba A N7 7 HIT
KOTFT—FEBRELRNZ=T A — BNy T 7 A7Vl bMERENET, a VA NT 7R
TARNTZ I HZONETIE, ZOIEFNICFFICABET L2 L1I3H Y FHA,

public:

// AVAKRSU A
// data: uniform FOwZ (KT EHT—4
Uniform(const T *data = NULL)
: buffer(new UniformBuffer(data))
{
}

/] TALS9 4
virtual ~Uniform()
{

¥
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FROLIICaU AT I HZDBIHIZ NULL ZHE LT &R EDEDIC, HEnba=7
F—DbNRNy Ty ATV MIT—HERETHA Y vy FEER L TEBEET,

/] A= TH—LNYIT7H TP MIT—2%EMHMT 3
// data: uniform JOv Y IZMTEHT—4
void set(const T *data) const
{
glBindBuffer(GL_UNIFORM_BUFFER, buffer->ubo);
glBufferSubData(GL_UNIFORM_BUFFER, O,
sizeof (T), data);
}

void glBufferSubData(GLenum target, GLintptr offset, GLsizeiptr size, const GLvoid *data)

Ny 77X 7= NOBE LIZBICT — 2 2Bk LET,

target
TR kTN T 7 AT V= FOREEXRS,

offset
TR BT DNy Ty ATV N OREIEONE,

size
GPU fliC#sE$ 57 —# (data) DY A X,

data
HANy 7747027 MIBEET LT —FPEMIN TS CPU JIlOT =X DKRA 4,
TIPS TWD AE Y (WAINEETFE) OF A X137 L b5 size X1 FbD
VEND D,

BECHEIET DNy 77 4TV =7 b~DF — X Olriki2i, Eiid glBufferSubData() LIAMZ,
giMapBuffer() Z W5 HERH Y £3, ZOFHINITHELET,

=T =Ny Ty ATV 2l NIBESNTEMEDT — 8%, ==X 77750
uniform 70y DA UNOEENLERT DD, =T 3 — AN\ Ty ATV N
BERA MITHEALET,

[/SDAZTA—LNyIT7A Ty FEFERT D
void select(GLuint bp = @) const

/] MBICRET DA=T+—LN\YyI74ATPx) LE2HEETS
glBindBufferBase(GL_UNIFORM_BUFFER, bp,
buffer->ubo);
}
}s

void gIBindBufferBase(GLenum target, GLuint index, GLuint buffer)
S buffer IZFIRES NNy 77 A7V =7 &G target IHRESNTZ—F v M OESI
® index FDOFEERA > MIHEAE LET,
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target
FEARA Y MIHEATHENy 777 V=7 FOREEX4,

index

Ny T7 X T V=7 befadT HbaRA L FOEF T, fiaRA L FOESIT 0 FITE

DOEFME TR KRMEIZ D72 &b 36 DFESL,
buffer
FEARA Y MR THINy 777V =7 |,

® 4427045 L (main.cpp) DEER

Z D~y X757 AL Materialh & Uniform.h % main.cpp @' 5T #include L E T,

#include <cmath>
#include <cstdlib>
#include <iostream>
#include <fstream>
#include <vector>
#include <memory>
#include <GL/glew.h>
#include <GLFW/glfw3.h>
#include "Window.h"
#include "Matrix.h"
#include "Vector.h"
#include "Shape.h"
#include "ShapelIndex.h"
#include "SolidShapeIndex.h"
#include "SolidShape.h"
#include "Uniform.h"
#include "Material.h"

glGetUniformBlockIndex() Zffi~>C, v =—& 71/ J A5 uniform 7 7 v 7 O%HT % Bids

Lij—o

Z % glUniformBlockBinding() IZ X W AR A > b (Z 2Tk 0 FEMEM) ITFHEON-

FTCBEET, ZOHARA LV POFZENTHZLIZLY, v =2—FT7 07T AD uniform &
OB EEST Iy =—F 71275 A0 uniform 78 v 7 OBEBICT — X 2B ETXET,

// uniform EHDBHEMET D

const
const
const
const
const
const
const

GLint modelviewlLoc(glGetUniformLocation(program, "modelview"));

GLint projectionLoc(glGetUniformLocation(program, "projection"));
GLint normalMatrixLoc(glGetUniformLocation(program, "normalMatrix"));
GLint LposLoc(glGetUniformLocation(program, "Lpos"));

GLint LambLoc(glGetUniformLocation(program, "Lamb"));

GLint LdifflLoc(glGetUniformLocation(program, "Ldiff"));

GLint LspecLoc(glGetUniformLocation(program, "Lspec"));

// uniform block DIBFFZMBT 3
const GLint materiallLoc(glGetUniformBlockIndex(program, "Material"));

// uniform block MiHEFTZE 0 BDIEERA > MMEHEUDITS
glUniformBlockBinding(program, materialloc, 9);
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/] BRDHDEIHK
const int slices(16), stacks(8);

void glUniformBlockBinding(GLuint program, GLuint uniformBlockindex,

GLuint uniformBlockBinding)

FEARA v Moy ==X 7 a2/ T 5O uiform 7 8 v 7 OFFTEFEAELET,

program
fEARA > MCHAT D uniform 70 v 7 2G0, V==X 70T T 50T 0T T NATY
=7 MM,

uniformBlockIndex
program TIEE L7270V T L5477 M EY Sz uniform 7 & > 7 OHT,

uniformBlockBinding
OV =—FT 0T LD uiform 72y ZIIEGT AMAERA L MOEFS, FEERA VB
DFE T 0 FIITEOELIE TRAMEIZD R L 36 DEH,

RIT, Material HERDOER ZER L, TOMHULE AT —F 2R ELET, /o, 2=
T =Ny T 7 ATl NOT T L— k27 7 A Uniform ®7 > 7 L — h514IZ Material
HIEREZREL T, ZOA VAX U ABERLET,

ZOT 7 b— F5IEIT Material #1EAR A fRE L7z Uniform 7 7 A0 a2 b7 7 2%, 5l
L LT Material BEERDORA X E2ZITWMY £3, LeRoT, DA L AF L ADEH|D
material (%, FIHMLIF ONZ 52 472 Material #IERD AR A > % &color[0] & &color[1] D% 4L
ThESIEE LT, BRI VA NI ZEOH LTIk E T, 2B, 2ok
X2 U S NVRFIZIEFEIT CTE 20O T, Bld material (X constexpr TIXEAMiTE A,

/] RBT—%5

static constexpr int Lcount(2);

static constexpr Vector Lpos[] = { @.ef, @.0f, 5.0f, 1.0f, 8.0f, @.0f, 0.0f, 1.0f };
static constexpr GLfloat Lamb[] = { @.2f, @0.1f, @0.1f, 0.1f, 0.1f, 0.1f };

static constexpr GLfloat Ldiff[] = { 1.ef, @©.5f, 0.5f, 0.9f, 0.9f, 0.9f };
static constexpr GLfloat Lspec[] = { 1.ef, ©.5f, 0.5f, 0.9f, 0.9f, 0.9f };
/] BT—%
static constexpr Material color[] =
{

// Kamb Kdiff Kspec Kshi

{ 0.6f, 0.6f, 0.2f, 0.6f, 0.6f, 0.2f, 0.3f, 0.3f, 0.3f, 30.0f },
{ 0.1f, 0.1f, 0.5f, 0.1f, 0.1f, 0.5f, 0.4f, 0.4f, 0.4f, 60.0f }

}s
const Uniform<Material> material[] = { &color[0@], &color[1l] };

/] BA4R—% 0 IZtEY k
glfwSetTime(0.0);
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&%IZ, MIEEZRBT5EAIC, 2022743 —ANNy 7747 V7 FE@RRT5L91CL
F9, 23X Uniform 7 7 AD select XV v RTITWET,

/] 24 FIRRANTNSERYIRT
while (window.shouldClose() == GL_FALSE)

(HHE)

// AfZEHET %
material[@].select();
shape->draw();

(HHE)

// ZDOHOREEZHEET 5
material[l].select();
shape->draw();

/] D=V IT7EANBRIATARNY FERYHT

window.swapBuffers();

YT TOY 5L step3?

® EITHR

171 S L IR E X CHEIE
9.3.2 uniform ZAYIDAEY LA T DT

uniform 7' 82 v 7 NOEKIZIE, 2= =2\ 7747027 PONERav—IN57=
¥, F—% WM % D uniform ZEEITHFEE Y IS D 72 DITIE, uniform 70y 7 OREEIC A
bETCa2=T 43— RNy 7747027 b ECT— X E2HETOILERHY 7,
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uniform 7' & > 7 @ layout Effi 1L, ZOAEV LA TV MERETDHHOTT, ZIUTEK
DHLEDORHY F£7,
packed
AEVLAT Y MIFEERGFLET, vo—F 7077 20KBIKICE>T, ibhTwn
72y uniform 7Ry 7 OBERNEIRSIND GG LHY £, R T 74 FTT,
shared
packed LEERAEY LA 7 U MIEREIKFELET . BRD50 =—F 717 F AMTRHL A
EFEVULAT U NERDZEDRIESNET,
std140
AEY AT U ME uniform 70y 7 DFERICENET, 207D, C/CH DEEERS Y
FADA NS EDZENEGHITR 0 T, 2L, BRAIOEFEOMFRILFIZ 16 N
A T2 £9, Material #iERIZ, ZOL A7 U FERHALTWET,
std430
std140 LIEEEAE D LA 77 M uniform 70 v 7 OEFRITHENE 3, BLd 025 O REIX
BEROT —HMERBLT-b DI £,

T, BT —XBOT T4 A NI, float 2% 4, vec2 A 8, vec3 A 16, vecd 23 16 T,
L7eRoT, 2OENENDT —ZOBMAEIZ, Ny 7747 =7 FOBRBELZ 0 &L
T, ZOETEHVUNL G THLILER DY £3,

# 21X, Material @ uniform 72 v 7 DAEV LA T T MMI, KOLIIZRD ET,

GLSL C++
layout (std140) uniform Material struct Material
{
vec3 Kamb; alignas(16) std::array<GLfloat, 3> ambient;
vec3 Kdiff; alignas(16) std::array<GLfloat, 3> diffuse;
vec3 Kspec; alignas(16) std::array<GLfloat, 3> specular;
float Kshi; alignas(4) GLfloat shininess;
s s
0 16 32 44
llllllllllllll lllllllllll llllllllllllll LI
Kamb Kdiff Kspec Kshi

172 Material @ uniform 72y 7 DAEY) LA T U b

vec3 D7 74 A ME 16 TT 5, Kamb, Kdiff, Kspec DO E X, WTiLd 16 @
B OBFTICELE S i, MIC 4 ORBNZENTLENET, 2K LT Kshi OF T4 A
ME 4 TS, Kspee DEAZICHAE SN ET,

L7285 T, Kshi # Kamb & Kdiff OICBEIX, BEA—-2HEED 4, LorL, £OX
IRBBLITHEVIERDH Y A, BERLETR, EiZa=T7r—57 17 HEN GPU
DAEY LT 64 REDIVKRERTIAAL FCREINET, ZO2=T4—A7 0y 7%
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PR 2 & DR T 48 ORE S EFODT, GPU ETIIHZRAIC 16 DEHENRZENTLENET,

ﬁﬁ\mmﬁLWMmmWMmemmummMmMWWmmﬁwBbw(@SDGiiﬂﬁ\mﬂ%
DLAT T MIBWT, FEIZE ST veed DT —Z DOEENRMESTWDLZLNHDHEHT
T ZORD, MER/ESZ FEETHEDIAAT, vecd M LRV ERHERI N TV ET,

933 B—NAZIJ4x—LNNYyI7A T rEEFES

—ODMBEZ LI DDA =T F— bRy T 7 ATV FEEIDETLHRDYIC, —oD=
=T =Ny T ATVl b RICEBOMEOT =2 2T o 2 b TEET,

@ 1=-JA—LNYITF7ATTH FD4Y 5 X Uniform DZLEES

UniformBuffer #1512 GLsizeiptr %1 £ > /N blocksize ZBM L., Z#uZ T A uniform
T8y 7 ERNRIRER Ny Ty ATV =27 N EOR/N A XEREH L £ 7, blocksize |E uniform
7vw 7 O7 7 A A~ GL_ UNIFORM _BUFFER OFFSET ALIGNMENT D%t C72 b uid
RO ERHALE TR NT T ZOFEIIHEIRT D uniform 7 2 v 7 O count ZIEM L E T,

GL_UNIFORM BUFFER_OFFSET ALIGNMENT %3 AT AEA D KB/ T A—4 T, 20K
9 78/ T A —H 1L Getlntegerv() 72 ED glGet B ZH WIS TAZ N TEET, Tk
— T BS T AUE A543 72 D T blocksize L static A VNI TH T LB ERETT A, B
OpenGL DHIHMLLAREIZAT 59 LR H Y £ 77, glGet BAEHEOTINIHE L 7,

#pragma once
#include <memory>

//

/] A=ZTH—LNYITF7HFTSH b
//

template <typename T>

class Uniform

{

struct UniformBuffer

{
/] AZTA—LNYIT7HTPH +E
GLuint ubo;

/] A=T74—LTAYIDYA4 X
GLsizeiptr blocksize;

// ARSI A

// data: uniform JOwH KT EHT—4

// count: FE{RI B uniform TO YU DK

UniformBuffer(const T *data, unsigned int count)

{
/] A= 7+ —LTAYIDY A XERDHB
GLint alignment;
glGetIntegerv(GL_UNIFORM_BUFFER_OFFSET_ALIGNMENT, & alignment);
blocksize = (((sizeof (T) - 1) / alignment) + 1) * alignment;
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IDA=TH— LNy Ty ATV NI, 7 —H# % blocksize DEfEE HIT THEMA L 72 1T
X7 5720 0T, glBufferData() D 2 54k size I[CHERT HD2=T 4 — LNy T3 4TV
YA XL LT blocksize @ uniform 7 7 v 27 O count {H5r & LET, F7o, 5 3 514k data
ICHET AHET 57 —ZIT1E, 22Tk NULL 2 E LT, 7 —¥ 2k LTl E 7,
F— % OREIE, Z DI glBufferSubData() & VT, —OF izt L £,

sizeof (T)

data

uniform

l 3 ' l

object | ]
! ! blocksize

M 173 =T 3 —b Ry 77 F T2 b~OEEDT —F7 OB

/[l A= T —LNyIT7F Ty FEERT S
glGenBuffers(1l, &ubo);
glBindBuffer(GL_UNIFORM_BUFFER, ubo);
glBufferData(GL_UNIFORM_BUFFER,

count * blocksize, NULL, GL_STATIC_DRAW);
for (unsigned int i = @; i < count; ++i)
{

glBufferSubData(GL_UNIFORM_BUFFER, i * blocksize,

sizeof (T), data + i);
}
}

(HBE)
s

Uniform 7 7 ADa A N7 7 X O514102, f#ERT 5 uniform 7 1 v 27 O¥% count ZEML .
FhuwZdOEFE UniformBuffer 7 7 A0 AT 7 ZIZERLET,

(€Y
public:

// AVAKRSV A

// data: uniform JH Y V(&M T BT —4

// count: FERT S uniform TO v Y D

Uniform(const T *data = NULL, unsigned int count = 1)
: buffer(new UniformBuffer(data, count))

{
}

/] TALS94A
virtual ~Uniform()
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{
}

ID=T F—b Ry Ty F TVl MIT— X BT HLE L. blocksize DFEFAfEIZ 720
¥9, Z4#d UniformBuffer 7 7 AD a3 A 87 7 & LFEERIZ, glBufferSubData() #fE~> T, 7
— X =T OHEELET,

/] AZTr—LNYIT7H Ty MIT—2EEMT 5
// data: uniform JH YV (EiMT EHT—4
/]  i: T—AR %I D uniform TJO YU DKEEHE
// count: T—ARZEHKIMT S uniform TO YU D
void set(const T *data, unsigned int i = @, unsigned int count = 1) const
{

glBindBuffer(GL_UNIFORM_BUFFER, buffer->ubo);

for (unsigned int i = @; i < count; ++i)

{

glBufferSubData(GL_UNIFORM_BUFFER, i * buffer->blocksize,
sizeof (T), data + 1i);

}

¥

B D uniform 70 v 7 BEME N2 =T 4 — L8y Ty ATV O, FEED uniform
T8y 7 EREARA  MIHEAT 521X, glBindBufferBase() MO f%i> Y 12 glBindBufferRange() %
EALET, fE7T2 wiform 70 v /7 Da=T 3 —b Ry 7747V =7 M EOMEIZ. 2R
% blocksize DEHLFIT/RY £,

723, glBindBufferBase() (% glBindBufferRange() @ offset % 0, size /Xy 7747 V=7 k
BROYA X LGS ST,

/] SDAZTH—LNyIT7ATOxy VEERT D

// i: #&F 5 uniform AV I DEE

//  bp: FEERA U+

void select(unsigned int i = @, GLuint bp = @) const

/] EERA U MIAZ T —LNYIT7AE TV FEHETS
glBindBufferRange(GL_UNIFORM_BUFFER, bp,
buffer->ubo, i * buffer->blocksize, sizeof (T));
}
}s

void gIBindBufferRange(GLenum target, GLuint index, GLuint buffer, GLintptr offset, GLsizeiptr

size))

FIE buffer ICFIRES NNy 77 A7V =7 &G target IHRESNT-Z—F v FOESI

® index FDOFEGRA > MIFEAELET,

target
FEERA L MIHET 2Ny 77 ATV =7 FOREGRE,

index
Ny T 7F T V=) NetiBTHEERA L bOES, BERA LV FOBZIE 0 £2ITE
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DFEHE CRAMEIT D72 < &b 36 DXL

buffer
FEORA L MIREET 2N T 7 ATV =7 b,

offset
FEARA U MIEAET DNy 7747 V=7 b buffer HOBMBAE, ZHIET AT LEA
DKk /NF A —H T2 GL UNIFORM_BUFFER_OFFSET ALIGNMENT ODO#¥f% CTh %
WEND D,

size

FEERA L NIRRT ANy 77 A7V 27 b EOY A X,
® A4 >TFO45 5L (main.cpp) DEE R

COFEETHT R T ITLNIETTEETH, TREEMBEI LMY Lca=T 4 —L Ry T
TATV 2 NEFOZEIIEDLVIIH Y FHA, £ T, INEROLIICEZHRIET,

T 7 L— NI Material #EIERZFEE L7z Uniform 7 7 A DA AKX A%, B TIE
R E—05E LET @HOBRITEZEZ LMY Lta=T 34— Ny 774727 b
ERFELTCVWELR), 2O A NI 7 X OB BICMBEOEBT —X L2 DOHERELET,

/] BT—%3
static constexpr Material color[] =
{
// Kamb Kdiff Kspec Kshi

{ o.6f, 0.6f, 0.2f, 0.6f, 0.6f, 0.2f, 0.3f, 0.3f, 0.3f, 30.0f },
{ 0.1f, o0.1f, 0.5f, 0.1f, 0.1f, 0.5f, 0.4f, 0.4f, 0.4f, 60.0f }

}s
const Uniform<Material> material(color, 2);

/] BA4R—% 0 IZEY k
glfwSetTime(0.0);

MEORE IR OBRF TIE < select() A Y > FOFIETITVET,

/] BREHET S
material.select(@);
shape->draw();

(HHE)

// ZDOHOREEZHEET 5
material.select(1l);
shape->draw();

BYLT)ILTOY 5L step3s

T DOFEITRERIL step37 EEDY FHA,
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