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A= 71E B StEdo] F2E IRith A48 CPUAA= QlEe] 19979 #
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2 FOR each scanline (Y)

3 get IMAGE_POS from (Y,Z)

4: get VOL_POS from (Y,Z2)

5 FOR X += 4

6 IMAGE_POS+X <{- MAX( VOL_POS+X, IMAGE_POS+X)
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i)
lo
)
El
Hy
=2
ol
o2
e

m

x o SLo

oZE

— 1
B dFL shear-warp HS] ZHE  ARRSHA 7]-A]§}—§— _/,\_5})15_ o},
&

Img, Vol,
Img, | _ M. Vol, 1)
]mgz view VOZZ

1 1
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Base Plane

st 2% shearing.

o
N

oju
ol

)

[Z19 2-4]eF Zo] =& HlelH7 7leold 9

o

shearing

FEAS

3 veeies
Aol A

=
=

wE FFel 2

el Mz 3

gz 94

s
—

i1
o

ot

)

(2)

(shearing)

o|]
L

ol

o

-

shearing ¥

of

-1
EF'E‘Tq— Mshear

3l

q-- /‘\Jl 3:]—”]- @O] Mviewoo

Eis

warping©] 2kl

=
=

s of

ol
,_.._.mo

<+
iy
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]mgzz 7 1 17 VOll,
Img, | , Vol,
[mg: - Mm,ew Mshcar Msham‘ VOlZ/ (3)
1 1
-1
Tempfl,'
_ M M Temp,
view shear Tempz
1
A 34 BE NS
25 JASelA shte] Bae] Aure the Bae] Akt Qe 77
o] whel sk & ok oAt Wot olF olgok thoat Whe] &
T A
A Sl del AgEE TeEA AYPAL BE A Qate] 48
ot 4= dth(Dachille, 1998; Rezk-Salama, 2000). OpenGL ZE+= DirectX 9]

shader T2 WS AFESEAY, OpenCL T+ CUDA 59 golEdgE At
8ol 1&K0w EF 7HIRE Y 4 lod, shAT AtiAo=m STt
H-go] "Qasty AR A|AH] At st=9oj7t Ax]w o] glojof jith
L Ay} wjral £aFo] CPUY| HIS] HEZ3 Ho] thdolth(Zhao, 2014).

CPUTHE o]&3st HMHH oz Xeon Phi®t Z& 60 core ZTRAA]
(Hofmann, 2014), Xeon Westmere EX 40 core, 80 threads(Treibig, 2013)
£ ©0]835t CT reconstruction?t &2 & A& difiz 3 7Hssitt
T2y g CPUE ARESHoF a4 BI-&EA17F St

CPU2| SIMD 7]%5-& ARgstd 71 vlg glo] a8z g4 Ads
7 (Chen, 2012)& 4= . 53] AVX7]5= ©]-&5HH, 256bito] A AH
(Zekri, 2014)& o] 8 & U} Treibig(2013)2 AVXE o]gste] CT 9%
% (back projection)e F&ste] GPUQF H|WsHA Aite g8 StEHo7t
TEE 2AE GPU 387 AL 4 Akl F4si3H. CPU SIMDe] &

= 5
49 S SR A 212 aed wRY Fxeh A4 ot (Kye,

O
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2017).

aedor HuE Fxsd, g2 HolHE vt A7l o |
A7, HlelHE E23 mRe] Aol Aoz glofof ittt SIMD a4t
< (O™ 2-2]94 & =

l

T Qo] £AA ALt WgolH, 3 et g
oldE #E T M & IS e A2 "¢ HEEHo|tt Chen(2012)2
CT reconstructiono] A H | 9o PMADDWDSI4HS ARE-SHS
tt. SIMDE o]&ste] m&Ao|u, ojxl HZIMZ St{W aObO+alble}
a2b2+a3b3E Hoflof stERE 4 = F7te 3, A==g vz = o]
HEAZ 7122 iR e 2g-& SagoloF vl 1eal JA4l Aol A

Q40 AEE7 267F HEE WEst ARrF gojdinh d8a vk

7

o]
AR

EIRS

qto] =2 gfob AT o A4

o

|a0 |al|a2|a3|a4|as5|a6|a7| |bo|b1l|b2|b3|b4|bs]|be|b7|

PMADDWD

| aObO+albl | a2b2+a3b3 | a4b4+as5bs | a6b6+a7b7 |

[Z19 2-5] PMADDWD <4t
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A 3% 345 MIP

Qltt. shA|9 SIMDE
o d&H G2 oE & oA XF9 e

l

YE don pAsts 49, B8] XEH G4 iFo] umal A
2 Wjgse] glonz BE YolHY X&7 94 i Fo| fHES s
Aol @&l rh mebd G4l 52 BEY XFOE, 949 52 2F
of zZo2 Tgsta Y& Woz 14 Zrlele Audd. nAAR 2%
M) B BEY XEW GAY 5 UgAYIL 289 Y& 9
Aol | % WAA 7% WFor F7H7H gt

X% Weo s WHSE 49, YA} 25 0A deAA ARG olFol
X& Wgow 14 7o sme X&o| i%d] dgd & gt 1dme
XES AR 92 5 Qb X3 Wge] B BAZ A o 2
sh7] 9lg WHoR X&T YES V1208 BE BASS AXg
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~volume

volume

)

(a)

image

image

volume

transpose

volume

(d)

(c)

I Temp F739] i50]

=
=

=89 X

Ay
Aol o

&

£ 2]

ol =

it

1 d-go] =7] mZef 2

1:

ol

i
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T ~ B
i iy B
= & o &
w B
~— m° =r
= 3
lo;OOO M_ul _.:._
= T om ol
o R a
: op X T
im o B N
= T S
= M om
o A oy ©
+ St %_ﬁ
T3 - n 2
N N L
LN ~ = HF
' ™
L T o
= = R v R
< w i P "
_ ojp _zL o T
I [ [ T ™ =
fEf N
3 v B g o
SER L ERE
0
Clr T Ew
i TN
a3 A = A
o < T~

MIP

=
e

ot
Y= 7]

T

o
i

IMAGE_POS + X)

T

}_

—
R

A

olg

A70 2Fele 16Hlo|Entrt AX|gH &
Al

=

=

7zel

2 AH7s

/ AVX2
— 17 —

=

SUEIES

o
GET VOL_POS

FOR X += 16

3-1]

IMAGE_POS+X <{- MAX(VOL_POS + X,

i1
ar

[

FOR Y
GET IMAGE_POS

FOR Z

1:
2:
3:
4:
5:




T 3-2] €18E / AVX2E o] &3 X5 7]+ MIP
1: SET TILE_SIZE

2: FOR Z

3 FOR Y += TILE SIZE
4 FOR X += TILE_SIZE
5: MAKE TILE
6

7

8

9

TRANSPOSE(EACH_TILE)
FOR T to TILE_SIZE
GET IMAGE_POS
GET  TILE_POS
10: IMAGE_POS <{- MAX(TILE_POS,
IMAGE_POS+Y+TILE_SIZE)

A2R 1% PE A

PEA} sagittal WA FlolElS BRT A9 HA Qato] HApHow
Zawojol gtk olof miel, AbGAHE AAAEe A% ASHE L7l7] Ha
AA) Aol AStEh webd A WY WX A HAsehs Y
1 a5

H AL AVX2E o]&3le] n=16¥ ] 16Xlog,16=643]9] dsto=z A
A Aits ot HHS Heloh 8 o] Wo] A Sl AAbeE of
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(1% 3-2] SIMDE o] &% 4x4 2749 Wid A,

oAE =°l, sttel 8uto]E MMX #A|2Eofl= 4719 FAlo] A4d &
Rom=, 7|E 4x4 2719 FEL [AF 3-21A4" 4719 HA2H7F e
stot. 4719] EA2Eel d=E grol 19 HA2H {1,2,3,4), 29 A 2H
of {5,6,7,8}, 3% HAAH {9,10,11,12}, 49 HA A {13,14,15,16} ©]
gt Az dite S #AFAeR 19 FRIAH {1,5,9,13), 29 A2
of {2,6,10,14}, 3¥ A AE {3,7,11,15}, 481 HAAH {4,8,12,16}5 <
ofof gtt}. SIMDO] dHlolg ek ite & HAAHE d¥or udet £
e Tl sl &9 A¥E AR 1, 5, 9, 132 77 19 M= o
£ dA2H oA Jlen= o —4 dtors ANE d= 4 gtk 1
HEE X4 F W9 ito]l Hash, AA [Od 3-218 Hd 7 @A

—~ I
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(1,5 3 7, (9 13, 11, 15}& 4T T (1, 5, 9, 13} 4 & ot
2 2o dAsHE ARG 5 A el Agslel & G Gt
g5lo]t}.

479 A2 Zold ghe shte AAER mold Hi T wA
o qito] Waslnge, wek 8x89 g WA S siEw sAle] @)
@olof @}, ol & WAR FFsekA ghong A A

_4

AEe] Zol7l e
dAe] dato] Wasith 47 Bold ke me A AXAHE T A wol
T @ W 2 dAe Sl 8] Bold Zhe B 4 9] et
b7l 16x169] etdolabd ) wAlo] @sto] Wastt,

ol dutslstd, ZF &9 HALHE n/fo 49 EAAHA 20X S
Hofop StH=Z, ZATF lognel dtte Fa=® oty wWERA nxn FHE
A2 dite ST A n logndl A4te] asitte AS SYSHAH.

olgA n’Zie] WA n log n 3]°] Aste] Wastra Zb wAof o

nlog,n  log,n

SHFEE THSHH ov(n) = o] ke nof HisfA Tx

n? n

log,n

olch. wetA F W] o 2 NAHE

Z4A3ET limov(n)=1im

n—oo n—oo

AFGEE nol FIFSHAL US|t HAaste] Al AR it e HE
Ex 0= 9 .

WA SSE2E ©]§3F 8x8 A7]9] Yol M| ALHEH Attt SSE2
Shite] 16HFO]E SSE A AE| O] 8709] B HFT 4= 9lil 8X8 &
9 B2 Aol fle 879 HAAETE FAlOl AHERT & AL
387} AgEo] 8 X log,8 = 243]9] YPor Hx] AiE FFF 4 9
o}, ofdfi= SSE2Z FATE MR A4t gheet ZF ALk AR

st o Helrt,

rlr

2
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[E 3-3] &d18& / 8x8 HA

10:

11:

12:

TRANSPOSE_8x8(VA[0:127], VBI0:127],  VC[0:127], VD[0:127],

VE[0:127], VF[0:127], VGI[0:127], VH[0:127])

SET TA[0:127], TB[0:127], TCl[0:127], TD[0:127], TE[0:127],
TF[0:127], TG[0:127], TH[0:127];

// OPERATION A

TA[0:127] <{- UNPACK(VA[0:15], VB[0:15], VA[16:31],
VB[16:31], VA[32:47], VB[32:47], VA[48:63], VB[48:63])

TB[0:127] <~ UNPACK(VA[64:79], VB[64:79], VA[80:95],
VB[80:95], VA[96:111], VB[96:111], VA[112:127],
VB[112:127])

TC[0:127] <~ UNPACK(VC[0:15], VD[0:15], VC[16:31],
VDI[16:31], VC[32:47], VDI[32:47], VC[48:63], VD[48:63])

TD[0:127] (- UNPACK(VA[64:79], VB[64:79], VA[80:95],
VB[80:95], VA[96:111], VB[96:111], VA[112:127],
VB[112:127])

TE[0:127] <~ UNPACK(VE[0:15], VF[0:15], VE[16:31],
VE[16:31], VE[32:47], VF[32:47], VE[48:63], VF[48:63])

TF[0:127] <{- UNPACK(VE[64:79], VF[64:79], VE[80:95],
VE[80:95], VE[96:111], VF[96:111], VE[112:127],
VF[112:127])

TG[0:127] <~ UNPACK(VG[0:15], VH[0:15], VGI[16:31],
VH[16:31], VG[32:47], VH[32:47], VG[48:63], VH[48:63])

TH[0:127] <{- UNPACK(VG[64:79], VHI[64:79], VG[80:95],
VHI[80:95], VG[96:111], VH[96:111], VG[112:127],
VHI[112:127])
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13:
14:

15:

16:

17:

18:

19:

20:

21:

22:
23:
24:
25:
26:
27:
28:
29:
30:
31:

// OPERATION B

VA[0:127] (- TUNPACK(TA[0:31], TC[0:31], TA[32:63],
TC[32:63])

VB[0:127] <~ UNPACK(TA[64:95], TC[64:95], TA[96:127],
TC[96:127])

VC[0:127] {~ UNPACK(TB[0:31], TD[0:31], TB[32:63],
TD[32:63])

VD[0:127] (- UNPACK(TB[64:95], TD[64:95], TB[96:127],
TD[96:127])

VE[0:127] (- UNPACK(TE[0:31], TG[0:31], TE[32:63],
TGI[32:63])

VF[0:127] (- UNPACK(TE[64:95], TGI[64:95], TE[96:127],
TG[96:127])

VG[0:127] <~ UNPACK(TF[0:31], TH[0:31], TF[32:63],
TH[32:63])

VH[0:127] <= UNPACK(TF[64:95], THI[64:95], TF[96:127],
TH[96:127])

// OPERATION C

TA[0:127] <~ UNPACK(VA[0:63], VE[0:63])
TB[0:127] <~ UNPACK(VA[64:127], VE[63:127])
TC[0:127] <~ UNPACK(VB[0:63], VF[0:63])
TDI[0:127] <~ UNPACK(VB[64:127], VF[63:127])
TE[0:127] <~ UNPACK(VCI[0:63], VG[0:63])
TF[0:127] <~ UNPACK(VCI[64:127], VGI[63:127])
TG[0:127] <~ UNPACK(VDI[0:63], VH[0:63])
TH[0:127] (-~ UNPACK(VDI[64:127], VHI[63:127])
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17118 [19(20(21]22|123 |24 | |17 |25(18[26] 19| 27|20 |28
25126 |27|28(29(30|31(32(]|21]29]22|30(23]31]|24 |32
3334 |35(36(37(38(39(40(|33|41|34|42(35]|43|36|44
41 (42 (4344|4546 |47 |48 | |37 |45|38|46|39| 47|40 |48
49 50 | 51|52 (53|54 (5556 ||49|57|50]|58|51|59]52]60
57 [58|59|60|61)|62|63[64||53]|61|54]|62|55|63]|56]64

(a) (b)
119 [17(125] 2 [10] 18|26 11 9 (1712533414957
3|11 (19|27 4 (12|20(28||2|10|18|26(|34|42]|50]( 58
5113121129 6 |14 22|30 3111119273543 51| 59
7 [15]23]31] 8 [16] 2432 [4]12] 20| 28] 36 44]52] 60
33 (4114957 |34|42|50(58 5113121293745 53| 61
35|43 5159|3644 |52 (606|114 |22(30(38|46]| 54| 62
3714553 |61|38|46| 54 | 62 711523313947 55]( 63
30 |47 | 55| 6340|4838 | 56 | 64 8|16 (24 (32|40| 48| 56| 64

(c) (d)

[(1%] 3-3] SSE2E ©]-&3F 8x8 transpose #H4:
(a)ORIGINAL, (b)AFTER OPERATION A,
(0)AFTER OPERATION B, (d)AFTER OPERATION C.

2 oI o]E 3Hsle] AVX2E o|83%F 16X 16EHY 2] A HHHS
st (FAHQ WEe BEES HI5IA Q) o]FA AVX2E 32HPOlE
3712 16 24 6x16 EFLS HA|st7] s 1671 #H A

e

2

tlo

2

o

‘OI"I'

o
39,

M

=
2HE SOl ARt AA] die sk fldl, B8e 494 35t

7, 16 x logl6 = 643]°] WPo = 16x16 Eale] A Ao sPsait,
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ok A AE 27]7F S MMXE 16X 16 EFYo] H2] dake 4-afgicial
7FAsA, 4x49] BYL £ 163] AAste] 16x16 LS ,
ol 8(d®) x 16(3]) = 1283]c]R7, B A= AVX29AHS o] gdte] T
W) A& gEe st At £ Ak uy =

Kl
FEE 7|E WHED mRe] HEo] a8l Eotd F7he] Ads dol

r

A 344 AVX2E o83 HHg AT A9

AVXE o]gstd 32HI0|E dlo]HE g Hol| AT & A =t 9
=2 @4 =& UolHE o EAo] 2dfo|Eojug 7t W 16709 A A
2 4= QlojA A PHPolo TER JAE FET & Aok T ¥ 324}
E, & 167} BA& FAlol HstER, 512x5129] AREA<I
THPE o, 512 + 16 = 32819 wHRO R shpo] AN ghjlo] A Hr
SIMDE Z#-g35t#] ¢gtow 51299 Hlw <d4to] HQ3t o H|of & =
329 max d4toz EFgEch ESH SIMDE AMESHA ¢od if AR
ARgofjof Sh=d] olx H|-go] @Wol] Eol7k= dA4teltt. SIMDE AR&SHH
MAX <4he Arggro = iy
=8

-

Mo 4

= [}
w0l ARbA F7HAQ s el 2

B 3-4] 418F / SIMDE 2A-85k] b2 dWhAQl WA o] mime] Ht
1: FOR(X=0; X<VOL_X; X+=1)

2: IF VOL_POS + X ) IMAGE_POS + X

3: IMAGE_POS + X <= VOL_POS + X

[F 3-5] &8]= / SIMD AVX20A 9] re H
FOR(X=0; X<VOL_X; X+=16)
IMAGE_POS+X (- MAX( VOL _POS + X, IMAGE_POS + X)

N —
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(23 4-1] /1527 AT 490 ol 187k,
2 gl A B2 Sast] ol MYt s8] WA olad war
gt (29 4-113 Zo] A 479 24 A B, C, D Aol9] Al
AR PoIAel ghe T AHH MET B 29 AY dx, dyE 7
A

gob, 4] 59k 2ol A4S 4 glnk. o] A, 6ol BA AL AHE

oL o e
N ol i
l-l‘U 4o oF

&

E = (I-dx) xA + dxxB
F = (I-dx) xC + dxxD
P = (1-dy) XE + dy xF )
2 AF A AFESH= shear-warp W22 ZF &to]Ao dis] dx, dy7t
FLe o] tk(Lacroute, 1994). & A+ Fang(2002)9] A-et 2ol
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VA5 mle Aitcte] WHEA oz ARGt A 55 AZiSkR, (1-dx) X
(1-dy), dxx(1-dy), (I-dx)xdy, dxxdyE Z7Z weightA, weightB,
weightC, weightD= 2|25t 4] 63} o] ¥ ¥ gAlez &4 o
P = (I-dx) x(1-dy) xA + dxx(1-dy) XB
+ (1-dx) xdy xC + dxxdyxD
= weightA XA + weightBXB + weightCXC + weightDXD  (6)

[£ 4-1] d2F / g &Seto]2oflA 9 ojxtd HIt

get dx, dy
wA (= (1-dx) X (1-dy)
wB (- dx X (1-dy)
wC (- (1-dx) X dy
wD (- dx X dy
FOR Y =0 to HEIGHT

FOR X =0 to WIDTH

P (- Datalyl[x]XwA + Datalyllx+1]XwB + Dataly+1][x]XwC
+ Dataly+1][x+1]XwD

o 9 O L AW

1) AVX2E o]-&3sh & HIE

B AT Agrshe 14 H7E PHe $Ioh mRbR 23 Bzt
gl $A Ak, olF AR Moz EFwth oz B

gre 2utolEQ] A5Holw, 15H %k%% Aol e ARG H5qo

43
2 EYFoloF gt AVX20AE A Aol FAS A3 Fqote FHY
o] gltt. wehA 7SR E F4Por *ﬂdi&ﬁ}ofl 459 Atole] Foz dAibst
£ Zo] ditHolt}, A E Eof, HEAE 0~171A]9 A4 7HEAo] ZHget
# 32768(=2")& FJ3ll 0~32768 W] A2 whEo] F& gt & 4
ol 327682 Urol(E: 15bit shift A4h) HEZHS dth 4] 69 A W
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A e ArP dleste] oAl AW A Tap Ak A 7oA UHRT] Ee
SH A

= (¢}
shift A4H& $38st7] o BEE™ (round-off)& 34t ATLEE g

)i

weightfoa X Aine = weightaoa X 32768 X Ajp+ 2768
~ (weightea X 32768)in X Aint 2 ound-ofn 15 (7)

2 AF= _mm256_mulhrs_epil6(Intel) FES E-8slo, &
At [F 4-21% _mm256_mulhrs_epil6 P& AAsHA
4, MULHRS162 &+ 16bit B+E &
Aol 14bircl A eSS 2 ATIME MULHRS160] =
dotnz it 4 73 Pk

(£ 4-2] €312 / _mm256_mulhrs_epil6
MULHRS16 (x, y) = (x * y)>> 14+ 1> 1

_mm_mulhrs_epil6  (X[0:15], Y[0:15]) :=
1: clear DST[0:15]

2: FOR i=0 to 15

3: DST[i] <~ MULHRS16(X[il, Y[il)

72131 _mm?256_mulhrs_epil6= MULHRS16Z 163] W@z o8 43835}
v udd 167] el dalAl A 69 weightAxA ATE d& 4 9lrt

olA] mZFAR 4] 69] B, C, Dol HaAE 22 AS A8 ¥, ARUS
mm?256_add_epil6Z ©|-85t] 16714 tatd 167H9] Aol tigh HIto]

Azt AVXE o]8ste] £AE H7Ee [E 4-3]olth [E 4-3]9 9F
HA Zof|A HZo] gt Hol 16719 MES d4tste= [& 4-1]7 B wsHH
- §&Holth, ol Aot [19 4-2]<F 2t
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(& 4-3] Lilelg / 2 SEpolaoA AVXE o8¢t olatd

kT
L

O 0 3 O U A W N =

—_
—_ O

—_
[\

get dx, dy using viewing direction

wA[0:15] <~ (1-dz) x (1-dx) x (1-dy) x 32768

wB[0:15] (- dx x (1-dy) x 32768

wCl[0:15] <~ (1-dx) X dy X 32768

wDI[0:15] (- dx X dy x 32768

FOR Y =0 to HEIGHT

FOR X =0 to WIDTH, X (- X + 16

A[0:15] <~ Load Datalz][Y][X:X+15]
B[0:15] <~ Load Datalz][Y][X+1:X+16]
Cl0:15] <~ Load Datalz[Y+1][X:X+15]
D[0:15] <~ Load Datalz][Y+1][X+1:X+16]

PIYI[X] (- ADD(ADD(MULHRS(wA,A), MULHRS(wB,B)),
ADD(MULHRS(wC,C), MULHRS(wD,D)))

X wB

A

o[RS EETERAE SRR

o LR T e
11505 S 1

x wD

[ 4-2] AVXE o]g3t o|atd HZh
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atod
B
e
o
il
ot
o
ol
el
rg
KT
=)
ftlo
[
ol
N
N,
ofN
ﬁ
)
o,
Q0o
)
A
N
i
rlr
Sl
o
-,
B

—_

(% 4-4] F0EAZ / § Zato]AolA AVXE o] & AAe B

O 0 3 O U B~ W N =

—_
o

11:
12:
13:
14:
15:
16:
17:
18:
19:
20:

get dx, dy, dz using viewing direction

wA[0:15] (= (1-dx) x (1-dy) x (1-dz) x 32768
wB[0:15] <~ dx X (1-dy) x (1-dz) x 32768
wC[0:15] (- (1-dx) x dy x (1-dz) x 32768
wDI[0:15] (- dx X dy x (1-dz) X 32768
wA'T0:15] <~ (I-dx) x (1-dy) x dz x 32768
wB0:15] (- dx x (I-dy) x dz x 32768
wC'[0:15] <~ (I-dx) X dy X dz x 32768
wD’[0:15] ¢~ dx X dy x dz x 32768

: FOR Y =0 to HEIGHT

FOR X =0 to WIDTH, X (- X + 16

A[0:15] <~ Load Datalz][Y][X:X+15]

B[0:15] {~ Load Datalz][Y][X+1:X+16]

C[0:15] ¢~ Load Datalz[Y+1][X:X+15]

D[0:15] <~ Load Datalz][Y+1][X+1:X+16]

A’[0:15] <~ Load Datalz+1][Y][X:X+15]

B’[0:15] <~ Load Datalz+1][Y][X+1:X+16]

C’[0:15] <~ Load Datalz+1][Y+1][X:X+15]

D’[0:15] <~ Load Data[z+1][Y+1][X+1:X+16]

PLY][X] <{- ADD(ADD(ADD(MULHRS(wA,A),
MULHRS(wB,B)), ADD(MULHRS(wC,C),
MULHRS(wD,D))), ADD(ADD(MULHRS(wA’,A"),
MULHRS(wB’,B’)), ADD(MULHRS(wC’,C"),
MULHRS(wD’,D"))))
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A 24 HE2] AEA

Al o] HlolElE A8St= Shear-warp 2% 7H3t=E & 2
& dlolH9 A el utstes mzerl sjx g, 223 it &A=
(19 4-3](a)et Zo] A7} vigtEs WA 717te] £X 3
L FAE SAHE ¢lo] TSk, EeE Qe 4, 5, oW <
iRttt o7l A &5 7R A% &duk E/lld(alpha blending)
4~RSEE front-to-back Edo] Lulzs] gigolct. Tep MIPsh 2

Zoigt A2 ]E14 Hl #A9F AW FsiRns aqa Mg
(19" 4-31(b)et Zo] W

= HA
A= o =2 R %‘5 aede 4 A= e Zﬂ?lﬂﬂh

F

rlo i =2
Nt

ol|
HHN‘
w
of
o2
=
_>;l_',
-
N
o -
Q,
_u
-
=
zL
O
[~
ol
oL
£
e

Z Z
X
—k (2)
ééOOO V1 OO VZOO &O’OD V1 OO V200
=720 1 1
—D— (4 —D-
éé()ﬂ) V110 V210 éSOﬂ) V110 V210
T T T D1 o v 1 T T R D 1
—D-— (6 —_‘-
éé020 V120 V220 és020 V120 V220
—_— —_—
YY Memory access order Y' Memaory access order
when read in x, v, z order (a) when read in x, z, y order (b)

[vooo]v1oojvaoc]voiajvi 1jve1ojvozolvizolvezolvooifvioi|veot|vorfvi11jvai ivezifvizilva2
| I I | |
(a) ® @ ® @ ® ®
| I I I I I
(b) ) ® ® @ O) ®

(7 4-3] wl&e] H A Bl
(a) X-Y-Z =4 (b) X-Z-Y &A].
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D HE2] Hd sAo] mhE £& Bl

i He] Ao met AA AlA" g8 34 gttty Z 3o
2 TEste A9 BF dHolHEe [Id 4-3]3 Zo] "ReoA 129 ujd
2 A=l oenz [O9 4-3](@% o] X, Y, Z o2 gOoAX —

Y~ 2) 149 Wde ASRE BA £AYR U5 8HoR AAS
ol qlt. ¥ [O9 4-3](b)et Fo] X, Z, ¥ £22 o HAX — Z —
Y) 12k B WollA Fx 2ol AL | AYE &4 ty+= HEE

o] upalA =t

[# 4-5] Wixe] HZ Aol e 2ol

For Z axis For Y axis
For Y axis For Z axis
For X axis For X axis

Image <{- max(image, Image <{- max(image,

vollz][y][x]) vol[z][yl[x])

X — Y — Z 24 A9 X —=2Z—=Y &A A9g
_ image image

/J- i overJapv
Ly /{ ' X ,/Y

vol_Z

[27 4-4] £85I mR AT A B4 mhe olux] wid H

o
>
o
ok
£
1o
=)
H
A
md
Ex

252 9lo] AT Fo] ofulxe]

rol
e

’



=Y — Z o2 Aitety Gl FATOH, Y7b kol A Gl
g$sts | HEE ZI1 28y X — Z — Y £0& glojA o|n|x]d
A7ystd 27 Srtstelk j 2tmrt st gloma gaelA F3 (overlap) ¥
th. ol ol oln] ¥ sl Z|ES wme JHE AHARESHE

3k
= WFol A 2 712012 H, @ FH(overlap) H+=

Sle X~ Z —~ Y o5 dHgsh= 45, olf]

2 QWS ZpA|s] HolFa Sty 4 F Fo W A7 F1E ¢o] 7t
A w0E ¢ieE 3-29] dyE Ao} section 33} o] HIbsto] &8 ~A7H
ZRR1S WEY QEZ oz Rt oz ZF Wges o 7+ A
Zsto] dlolelE ¢loW I A= 25 A7 el §AS} A wls
dy® Ao} WRZR 2 HIFelH, 7HEX]e 225 QEZ oln|z]e} Zo]
=9 w29 A= FHE oA Z PFoer ARste] ot A7

N
F: ﬁ
ro

o Aoz FHol Yojupel, ke et A7 eRlo] ZEe TR A7 o
qlo] Hof FHEA gheth ol2A FHol Aoluhs A4V HESE AA

voxel image

»




tH E2531 olu|z] % 7 A HHE SAof uwhet

P3Gtk X — Y — Z 0= ¢

oAAe] mre HIT2 Aol HER wWi2X|eh, omA|oA HE

=5

o

oju

G

g 2] ]

=
=3

2)

image

vol_Y

B X — Z —

glole ] w=e] wizE

=
=)

T

Jolth(Lacroute, 1994). 18 [1¥ 4-6]
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o] w2 Auiz] s Attt 7hAeE ddbe AlEFsEr] el Al A

e
ol 25 AlES theo] 7o met A4

X yz L ¥
.)

vol_Y vol_X

[O27 4-7] X ¥Fez waEEs 281419 dold AfulA].

WA, detdom fado] AFE wd dHie 2 H
sttt midat gol A= A 7€ dFelMEe Z= Hder #Ed o
AREEY, 2 Aol mER Y5 B Bl dd3el 7MY a&oln. w
2t e HolHE vol Yl A5ttt ©olE ol&ste] X= 7IE ¥l

ag4d 58§ vol X5 e vl YE 7|EeR
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&F
'

vol_Y ! - vol_Z

(a)

faine ¥ line
o | w | av | 3y | 1z | 1zewv|azeav [ 1z-3v | 2z | 2zeav | 2ze2v | 27+3v [Ez

g Memory Relocation

2v_ | 1z+2v [[2z+2v [SERSN 3v | 1z-3v | 2z+3v |Nageal

(b)
O9 4-8] Z Wder BEEHE SgollAel Holy AuiA]
() Z3For EH=E 5= a4 ALs A Y, 2= 71

dolHE WA 2, (b) dlol" AMiAE 571 <t 12k mjdel 24y,

kb2 o 2 vol ZE THET vol_YE VFEoR Y& 7S gt
ato] Y=z, Z’=YR $} JHAS M= X - 2 - Y (Fe X — Y —
2)2 F95td nEviA R EE HolHE exdos Hosta, FAelAl=
QH o] WAsto] g&Aolr M e [17 4-81(b)et o] A7H 2l
g2 mReE ZASHE ot

ojget M| LgEL Eil‘?ﬂ —/Fﬁli Al o g HIRE fEERR §abA
olth. XFi} Y& wek2 a& B AAE FYoh= 3.2789] UH
T FUsHA AVX2E ]%6}04 lox16 =A719] g @92 A& Algetet.
Y5} Z59] wek2 Hide —fE Ao w HohA] Edll 3.24& E8sHA X
off dedo] WEe EAE gttt ShAgE X Wgko R QIS HolH o v
ma BEiolmg 7hshu uH w2k o 7] shear-warp &18|&51 5
Aot wE2E v ARSIt H2 BRoR AU, T dubAl A
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Aelo] ulmal7l 8~16GB ol4<ld], Autdon Agshs 2 g Hole el
7= 512x512%x10249] 7% 512MBeHA 3819 R E ALESto T &
w3y,

_86_



AS5E A9

offl oM 3olA At 1& MIP &dale|ge] As= Hlawsh]
& AE2 5.1 FRISEAL 5280l AgellA Aokt 14 Y HE
s iy

AEach S 22tel Ak @gel o

[e]
— (ot |
EEoA £Y5toct 278 e wmdow7°ﬂ/\1 Visual Studio 2015=

ARgste] c++2 A ZAAsHE [E 5-11e AT 25 dolgEe AR

[# 5-1] &F dHl°olE AlE

Name Dimension Pixel Size Slice thickness | Size (MB)
[mm] [mm]
BB 41| 512%512%277 0.570.57 1.00 138.5
HB #2| 512x512%110 0.630.63 3.00 55.0
FH 512X 512%552 0.420.42 1.00 276.0
ShA] | 512%x512x1165| 0.780.78 1.50 582.5

A 2d 14 MIP AF Ax

el
1o,
r ~|
i
>
o
i
bl
ik
N
2
>
IS
N
N
o
%
>,
ol
ol
i)
_l
m&
o
rr
ke
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[ 5-2] Aodol AHgS o $14

XZ & 94

Y= 3 914

75 T A

(187, 197, 198)

(467, 499, 235)

(237, 259, 323)

(54, 217, 147)

(141, 529, 178)

1 (0, 184, 63) (265, 191, 157) (294, 503, 411)
2 (114, 293, 269) (44, 57, 281) (122, 333, 273)
3 (368, 288, 60) (232, 168, 99) (464, 141, 511)
4 (48, 54, 323) (146, 39, 1) (53,268, 347)

5 (2, 123, 174) (138, 69, 112) (44, 262, 357)
6

7

(316, 35, 590)

23 A2 o= 2o (3 5-2]0 AAE vt B 9ok v

E
wapo] tfste] AlH Z1Me ALgele] A W
2009)¢} SSE2 7i¥e=z =usy = MIP AT 2 J4do] 002 FH3gt
oz FRlx A,




(29 5-1] o9 Hlol"HE oy ZkolA MIPeh 23t 4t

[E 5-3]2 AIr dnFEe] 452 Hristy] 9t A= B5 #1 dlo]
ElS o|gsto] ZF WA 94 213 tis) 7HAskE ZH2E 1009 $=dfstar
Het MIP AH" AIRRE SA Aot MMX(Kye, 2009)H.th
SSE2(Chen, 2012)7F, SSE2 Xt} ARt 7[H<Ql AVX27t w274 Ao E]=
AL gl 4 gk Aok 71Hel AVX2E MMXe] Hls| H@Fzo=z of
1.554) whapbrch B =RoA Aoket 1< MIP(Fast MIP)E= FMIPEZ A

s

[E 5-3] MMX, SSE2, AVX2¢] @tjs A|7} H]T
A7 &9] : ms = 107%sec)

MMX SSE2 AVX2(FMIP)
37.038 31.273 23.972
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2 37

o]
o

(sw) awl| Suapuay

= AVX2

Viewing Direction
-8-5SE2
o]
T H|a,
— 40 —

=

A
=

=e=MMX

X1 X2 X3 X4 X5 X6 X7 Y1 Y2 Y3 Y4 Y5 Y6 Y7 Z1 72 73 74 I5 76 77
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[(19 5-2] MMX, SSE2, AVX2



[E 5-41% Z7he] whioz AX A4 19 We WE S8E F9 B
F Agrelch. Hlme] BA AL ZFHA e &5 Gab Aol AE
7189l MMX(Kye, 2009)9] Aok AISt 7]Hel AVX2E o] g3t o] A
‘?j?l AVX(Zekri, 2014)Q 73

AF AZbE Hlastel HSkth Atz 7]1E 7]
i7 2670 @ 2.2GHz2 S35t 4

gF ®lo] @2 A4tE Ffste At B E}% o H16 —‘%#6}@.
Zekri®} H]WSHH 28] oA} w21 CPU 159} i79] #o]& FA|5tT thed)
Al CPU 5= clocke g vlwstok, At WHol 1587 -5}t

[E 5-4] MMX$F AVX2E o8¢ 24 4% &4 23t
(A7 &Y : ns = 10%sec)

MMX 4x4 | AVX 4x4 | AVX 16x16
18] A4t AzE 4.721 3.6 27.62
16x16 A%t A|ZF 75.536 57.6 27.62
16x 160l A8% clock 271.7 126.7 88.4
[ 5-51= =% dHlolgel dis] duHoz Agto] 2a¥v= Ha Kol

|
71 93l, ot dlolglo] wiafiAl 1008 7HAst g Al7He A5kt #E
Hreke 7tz X= ke (0.926509, 0.260581, 0.271438), Y= e
(=0.131742, 0.951469, -0.278122), Z= HF (00102672, -0.667368,
-0.737617)= ol8sto 10081 7HXSHE 3t Aoy AIZFES HE HAS
Aot =& dlolEEe F71¢t HlwsiEHE dojHe A7|et AQEE AR
Aoz voit:z A & 4 Aok A& S0 F5 HolHe 55 #1 ¢
o[g]9] oF £ uj A7|Id AP A= dig F Hf f A= Aer &
Hrh ol BF 7INte =R ¥PE 8otz shear-warp®] E4olH, =% o

~

2

sitjete o4 48 A7e 24T
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fin}
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oo
ok
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i H

5 12X512%552 79 =
CPU 7§t 2 20fps o9 &2 7HAst d 4 itk
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[ 5-5] Z} glojgo] W& X, Y, Z& ¥ MMX, SSE2, AVX2 dit
AIZE Ha (A7PES] - ms = 10 %sec)

BE #1 | BEE 40 i S}

MMX | 70.54734 | 28.01430 | 135.01820 | 284.33343
51.96790 | 20.48483 | 95.94551 | 203.81860
AVX2 33.33280 | 13.18679 | 65.82183 | 138.73640
MMX | 20.99611 | 7.66047 | 44.62732 | 121.41248
19.69106 | 7.23729 | 40.19813 | 108.11024
AVX2 19.27156 | 7.03868 | 39.13795 | 104.23639
MMX 15.96361 | 6.29126 | 30.19485 | 64.89549
15.21291 | 5.99895 | 29.25030 | 62.87185
AVX2 15.12345 | 6.04863 | 29.14376 | 62.54959

P
i
o
X
|9g)
w
3!
[\

=
Hy
ot
%
W
w
r
N

N
i
o
o
w
W
1
\)

Al B el A = Aot fsf (& 5-6]2 AHF ARt
Sto] AAISkEr. 2l Sof dis SEA S shHH A %;ﬁ 7EASE A|ZE
< Z75H3 k. Chen(2012)9] Aol AHEH 1 ADDC 2 HA|SI
, 4o A Aokt 314 AP HIH(Fast Linear Interpolat1on MIP)< FLIMIP
EAG} w2 Aujx](Memory Reordering) 7|'H2 Al H2] flo]HE
Aqe] dpgoflA Aot AAP ] Attt AZEE 1% ojyrR T2 179
ol FF= T4 0““:} e A1) A dHE5S Hdl Hits ¢h=

E
o HEL Do WYL 100 WEG B ATS Sk

- L I S
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[£ 5-6] B2t iyt fea] zjujz]o] 2 A5 zjo|®
(N7F &9 : ms = 107%)

MADD =+

Name MADD notMR FLIMIP
FLIMIP
212 41 92.537 19.692 18.112 5.114]
H2H 49 37.643 7717 7.389 5.094H
L= 191.208 41.563 38.644 4.954)
5}2] 401.743 96.847 87.805 4,581}
ot 181.195 41.160 37.793 4.934]

BE Al totel BES Al WA AYHN BES 9t loop £4

2o 280l vol 7} Wk, o] BES ZF W A AgHLk Y
BEe

Zot Y& mghete] Z7i=Y, Yi=Z7F 5 whE
Z

FLIMIPolA &= olu|z] wjdo] Ao mE A5k ilzisiof S7] wzof
Al Mol BEFo] 7|9 nyy 2ot [OF 4-7]7 (37 4-8]e} Zo] 7
£ 2F°] vol_Z7} obd vol_Y7} Ho] Y= & Wk A ARSHT Z%
ol Fasgk Egcl Z2':=Y, Y':=Z7} Hof vol_ Z7} & Zolth. X5 ¥
A%t vol X+ Z':=7, Y':=X, X:=Y& tHEojx #@gsA =t

MADDE [ 2-3]1} #o] a0b0+albl®} a2b2+a3b3S tdfjof o]}k
H7ro] Hrth ol 72 WeF tAlo] d4-Aoltt, SIMDoA 7= o
(MADD)> A= WeF giidof Hls| & Hlaao] HARM, E3k qo]
At vl el BEA(a0, al, a2, a3)= SIMD HloJE= &2 uf 3 §of
Ho7] 95 A== A =olglE BAES VIRE ZF AiAste Hlag
o] WAttt PMADDWDS & wimutr; shto] tole] gho] & Hi=Z AXA
glojelefo] Eojus BAZE At 28|10 Wie whed ALE oA
ool U7t "ol

ofgfet olf+= MADD W2 2|7} Agket FLIMIPO| ®Is| °F 4.93u]

——}

ok

lo

]

e,

M)

Z

=

o ML ro oz

oL ok

=
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A FolH ditHor ZF HolHE WEE wf FuolM HEe A9t wot

=
AAl AHEARS] Af X MRS A8 Zo] © w27 =44 Zojrh
T AR B SR o SEtols e fs Y5 kel XxY
=

S, Z5 WEoAd XxZE AUFA dd. Ridiz Fle Y= 9% wEelA

A 4d v

(a) (b)
(18 5-4] 22 dlolg, Zt%, windowingollAl HE7F Bfe] w2 314
vl G

(@) A= B3 (b) 22 B3
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32HY H7Ee St MEF Slgvt 8oz Sojubal FrHAQl ¢Atol
Qsto] Aso] Holzl= EAI7F HASte] Al He] wEeE u2] vhEe]
H3e $3g5tgch [F 5-3]9 [ 5-6]2 EW EE#] doly 7&Eo
FMIP 48 Al H# 23.972ms7t 8% FLIMIP #iozl o
18.112ms7} A8 =itk MEY 347t 8uli7l ool oF 30%2
ol oyttt [& 5-5]914 & 4 Q% FMIPE= X5 W3] walA
ALe BT FLIMIPE &0 Agls
F> FMIP7} § £2 4%5& HQlth shA9 FLIMIP= AAb H3t

sHE AR eH X5 4 e s o] EF ofF
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BT CPU Aoz AAZE MIPFF Zbsdt AS HAth AVXE
o]-gste] 16709 EAS g WHof max G4teto = BHERO] SI&E Folil
ZARS AAANHY. 1 A 512x512x552 2719 & dlo]g7} 20fps
ool AAZ £Er SIPH. FAHor E AFe 1& PE AA
(matrix transposition) W& 7SIt o] W gy £ 8 FAT
B ohel, T Wl O SE BAE Fo A8 184S o=
A, g A =
AN S HE 99 AT BEOs 4T 4 sl

=
48k iiu}. Eg 12 oo AXY ARES AHESHE, B 3
o]

2, 40
;
o Wl b

AAZE A& 7L Thesid. A = "= dA
A e 2Rz W el met HHe 25 Addste e Al
Qe o] ’Rl2 ofgte] HMAEE Tl BE TSl H m=il &4 glo]
&= 7HAEHE 5= 2ol w2 olFolnh. SHARE ofo IA[A| il P4
HEeolA ESF il & ) WASte HRY asAde st dee =
o ehs et

A Ao st FolvkE ARESHYHE. OpenMPe} 22 HE I
o] CPU 7S A&stH sto] AgErt dstd dS ofd 79 AgE
7} 8ste] o] wolith @A A AREH i5-45702 4709 Foje}
A EE AMgStRER HEFO] WS &8t 7 A5 S B &
ATt

T EA" 19-X AJFZ CPUE 1879,

36 &~
°]-§-5t°] ”“ﬂ 3’01 ]‘?38 AgshH o w2 e o] dojdrt. ®

oL rulm
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5 1. 8x8 FAFe] F |, SSE2Tggojet AdY oA

x8 P& SSE2 M2 FE ([E 3-3]°] gt el &2 FE)
Transpose_8x8(v_A, v_B, v_C, v_D, v_E, v_F, v_G, v_H)

8
1
20

3 ~ml28i t A, t B, t C tD, tE tF tG, tH;
4 // OPERATION A

5: t_ A = _mm_unpacklo_epil6(v_A, v_B);
6 t_ B = _mm_unpackhi_epil6(v_A, v_B);

7 t C = _mm_unpacklo_epil6(v_C, v_D);
8 t D = _mm_unpackhi_epil6(v_C, v_D);
9 t E = _mm_unpacklo_epil6(v_E, v_F);

10:  t_F = _mm_unpackhi_epil6(v_E, v_F);

11:  t.G = _mm_unpacklo_epil6(v_G, v_H);
12: t H = _mm_unpackhi_epil6(v_G, v_H);

13:// OPERATION B

14:  v_A = _mm_unpacklo_epi32(t_A, t_C);
15:  v_B = _mm_unpackhi_epi32(t_A, t_C);
16:  v_C = _mm_unpacklo_epi32(t_B, t_D);
17:  v_D = _mm_unpackhi_epi32(t_B, t_D);
180 v_E = _mm_unpacklo_epi32(t_E, t G);
190 v_F = _mm_unpackhi_epi32(t_E, t_G);
20:  v_G = _mm_unpacklo_epi32(t_F, t_H);
210 v_H = _mm_unpackhi_epi32(t_F, t_H);

220 // OPERATION C
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23:
24:
25:
26:
27:
28:
29:
30:
: )

t A=
t B =
t C =
t D =
t E =

_mm_unpacklo_epi64(v_A, v_E);
_mm_unpackhi_epi64(v_A, v_E);
_mm_unpacklo_epi64(v_B, v_F);
_mm_unpackhi_epi64(v_B, v_F);
_mm_unpacklo_epi64(v_C, v_G);

= _mm_unpackhi_epi64(v_C, v_G);
= _mm_unpacklo_epi64(v_D, v_H);

_mm_unpackhi_epi64(v_D, v_H);
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5 2. 16x16 9749 A AA. AVX2HEofet A oA

16X16 8 AVX2 Hx &

1:

21:
22:
23:

Transpose_16x16(v_A, v_B, v_C, v_D, v_E, v_.F, v_G, v_H,
v v], v.K v.L vM v.N, v.O, v_P)

- m256i t A, t B, t C, tD, tE tF tG, tH,

— N s — £l — k) — ’

// OPERATION A

t_ A = _mm256_unpacklo_epil6(v_A, v_B);
t B = _mm256_unpackhi_epil6(v_A, v_B);
t_C = _mm256_unpacklo_epil6(v_C, v_D);
t D = _mm256_unpackhi_epil6(v_C, v_D);
t E = _mm256_unpacklo_epil6(v_E, v_F);

t F = _mm256_unpackhi_epil6(v_E, v_F);

t G = _mm256_unpacklo_epil6(v_G, v_H);
t H = _mm256_unpackhi_epil6(v_G, v_H);
t I = _mm256_unpacklo_epil6(v_I, v_]);

t ] = _mm256_unpackhi_epil6(v_I, v_]);

t K = _mm256_unpacklo_epil6(v_K, v_L);
t L = _mm256_unpackhi_epil6(v_K, v_L);
t M = _mm256_unpacklo_epil6(v_M, v_N);
t N = _mm256_unpackhi_epil6(v_M, v_N);
t O = _mm256_unpacklo_epil6(v_O, v_P);
t P = _mm256_unpackhi_epil6(v_O, v_P);

// OPERATION B
v_A = _mm?256_unpacklo_epi32(t_A, t_C);
v_B = _mm?256_unpackhi_epi32(t_A, t_C);
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24:
25:
26:
27:
28:
29:
30:
31:
32:
33:
34:
35:
36:
37:

38:
39:
40:
41:
42:
43:
44:
45:
46:
47:
48:
49:
50:
51:

v_C = _mm?256_unpacklo_epi32(t_B, t_D);
v_D = _mm256_unpackhi_epi32(t_B, t_D);
v_E = _mm256_unpacklo_epi32(t_E, t G);
v_F = _mm256_unpackhi_epi32(t_E, t_G);
v_G = _mm256_unpacklo_epi32(t_F, t_H);
v_H = _mm256_unpackhi_epi32(t_F, t H);
v_I = _mm256_unpacklo_epi32(t_I, t_K);
v_] = _mm256_unpackhi_epi32(t_I, t K);
v_K = _mm?256_unpacklo_epi32(t_]J, t_L);
v_L = _mm256_unpackhi_epi32(t_], t_L);
v_.M = _mm256_unpacklo_epi32(t_M, t_O);
v_N = _mm256_unpackhi_epi32(t_M, t_O);
v_O = _mm256_unpacklo_epi32(t_N, t_P);
v_P = _mm256_unpackhi_epi32(t_N, t_P);

// OPERATION C

t_A = _mm256_unpacklo_epi64(v_A, v_E);
t B = _mm256_unpackhi_epi64(v_A, v_E);
t C = _mm256_unpacklo_epi64(v_B, v_F);
t D = _mm?256_unpackhi_epi64(v_B, v_F);
t E = _mm256_unpacklo_epi64(v_C, v_G);
t_ F = _mm256_unpackhi_epi64(v_C, v_G);
t G = _mm256_unpacklo_epi64(v_D, v_H);
t H = _mm256_unpackhi_epi64(v_D, v_H);
t I = _mm256_unpacklo_epi64(v_I, v_M);
t_ ] = _mm256_unpackhi_epi64(v_I, v_M);
t K = _mm256_unpacklo_epi64(v_], v_N);
t L = _mm256_unpackhi_epi64(v_], v_N);
t M = _mm256_unpacklo_epi64(v_K, v_O);
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52:
53:
54:

55:
56:
57:
58:
59:
60:
61:
62:
63:
64:
65:
66:
67:
68:
69:
70:
71:
72:

t N = _mm256_unpackhi_epi64(v_K, v_O);
t_ O = _mm256_unpacklo_epi64(v_L, v_P);
t P = _mm256_unpackhi_epi64(v_L, v_P);

// OPERATION D

v_A = _mm?256_permute2x128_si256(t_A, t_I, 0x20);
v_B = _mm256_permute2x128_si256(t_B, t_], 0x20);
v_C = _mm?256_permute2x128_si256(t_C, t K, 0x20);
v_D = _mm256_permute2x128_si256(t_D, t_L, 0x20);
v_E = _mm256_permute2x128_si256(t_E, t_M, 0x20);
v_F = _mm256_permute2x128_si256(t_F, t_N, 0x20);
v_G = _mm256_permute2x128_si256(t_G, t_O, 0x20);
v_H = _mm256_permute2x128_si256(t_H, t_P, 0x20);
v_I = _mm256_permute2x128_si256(t_A, t_I, 0x31);
v_] = _mm256_permute2x128_si256(t_B, t_J, 0x31);
v_K = _mm256_permute2x128_si256(t_C, t_K, 0x31);
v_L = _mm256_permute2x128_si256(t_D, t_L, 0x31);
v_.M = _mm256_permute2x128_si256(t_E, t M, 0x31);
v_N = _mm256_permute2x128_si256(t_F, t_ N, 0x31);
v_O = _mm256_permute2x128_si256(t_G, t_O, 0x31);
v_P = _mm256_permute2x128_si256(t_H, t_P, 0x31);
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1 2 3 4 5 6 7 8 ] 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 36 | 37 38| 39| 40 | 41 42 | 43 | 44 | 45 46 | 47 | 48
49 50 | 51 52 53 54 | 55 56 | 57 58 | 59 60 61 62 63 64
65 66 | 67 68 | 69 70| 7 72 73 74 | 75 76 77| 78 79 | 80
a1 82 a3 84 | 85 86 | 87 88 | 89 90 | %N 92 93 94 95 96
97 98 | 99 (100|101 | 102 | 103 | 104 | 105 | 106 | 107 | 108 | 109 | 110 | 111 | 112
T3 114 | M5 116 | 117 | 118 | 119 120 | 121 [ 122 | 123 | 124 | 125 | 126 | 127 | 128
129 | 130 | 131 132|133 | 134 | 135|136 | 137 | 138| 139 | 140 | 141 | 142 | 143 | 144
145 | 146 | 147 | 148 | 149 | 150 | 151 | 152 | 153 | 154 | 155 | 156 | 157 | 158 | 159 | 160
161 | 162 | 163 | 164 | 165 | 166 | 167 [ 168 | 169 | 170 | 171 | 172 | 173 | 174 [ 175 | 176
177 | 178 | 179 ( 180 | 181 | 182 | 183 | 184 | 185 | 186|187 | 188 | 189 | 190 | 191 | 192
193 |1 194 | 195( 196 | 197 | 198 | 199 | 200 | 201 | 202 | 203 | 204 | 205 | 206 | 207 | 208
209|210 | 211 (212 | 213 | 214 | 215 | 216 | 217 | 218 | 219 | 220 | 221 | 222 | 223 | 224
225 | 2260 | 227 228 | 229 | 230 | 231 | 232 | 233 | 234 | 235 | 236 | 237 | 238 | 239 | 240
2471 | 242 | 243 | 244 | 245 | 246 | 247 | 248 | 249 | 250 | 251 | 252 | 253 | 254 | 255 | 256

(a)

1 17 2 18 3 19 4 20 9 25 10 26 11 27 12 28
5 21 6 22 7 23 8 24 13 29 14 30 15 3 16 | 32
33 49 | 34 50 35 51 36 | 52 41 57 | 42 58 43 59 | 44 | 60
37 53 38 54 39 55 | 40 | 56 | 45 61 46 62 47 63 | 48 | 64
65 a1 66 82 67 83 68 | 84 | 73 89 | 74 90 75 91 76 | 92
9 85 70 86 71 a7 72 88 | 77 93 78 94 79 95 80 | 96
97 | 113 98 | 114 99 [ 115|100 | 116 | 105 | 121 | 106 | 122 | 107 | 123 | 108 | 124
101 | 117 (1021 118 [ 103 [ 119 | 104 | 120 | 109 | 125 | 110|126 [ 111 | 127 | 112 | 128
129 | 145 | 130 | 146 | 131 | 147 | 132 | 148 | 137 | 153 | 138 | 154 | 139 | 155 | 140 | 156
133 | 149 | 134 | 150 [ 135 [ 151 | 136 | 152 | 141 | 157 | 142 | 158 | 143 | 159 | 144 | 160
161 | 177|162 | 178 [ 163 [ 179 | 164 | 180 | 169 | 185 | 170 | 186 | 171 | 187 | 172 | 188
165 | 181 | 166 | 182 | 167 | 183 | 168 | 184 | 173 | 189 | 174 | 190 | 175 | 191 | 176 | 192
193 | 209 | 194 | 210 [ 195 | 211 | 196 | 212 | 201 | 217 | 202 | 218 | 203 | 219 | 204 | 220
197 | 213 | 198 | 214 [ 199 | 215 | 200 | 216 | 205 | 221 | 206 | 222 | 207 | 223 | 208 | 224
225 | 241 | 226 | 242 | 227 | 243 | 228 | 244 | 233 | 249 | 234 | 250 | 235 | 251 | 236 | 252
229 | 24 | 230 246 | 231 | 247 | 232 | 248 | 237 | 253 | 238 254 | 239 | 255 | 240 | 256

(b)
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1 17 33 | 49 2 18 | 34 | 20 9 25 41 57 10 26 | 42 58
3 19 35 51 4 20 | 36 | 52 11 27 | 43 59 12 28 | 44 60
5 21 37 53 6 22 38 | o4 13 29 | 45 61 14 30 | 46 62
7 23 39 55 8 24 | 40 | 56 15 31 47 63 16 32 | 48 64
65 81 97 | 113 | 66 a2 98 | 114 | 73 89 | 105 | 121 74 90 | 106 | 122
67 83 99 | 115 | 68 84 1100|116 | 75 91 107 | 123 | 76 92 (108 ] 124
69 85 [ 101 | 117 | 70 86 | 102 | 118 77 93 | 109 | 125 | 78 94 | 110 ] 126
71 87 [ 103 | 119 72 88 | 104 | 120| 79 95 | 111|127 | 80 9 | 112 ] 128
129 | 145 161 | 177 [ 130 | 146 | 162 | 178 | 137 | 153 | 169 | 185 | 138 [ 154 | 170 | 186
131 | 147 [ 163 | 179 132 | 148 | 164 | 180 | 139 | 155 | 171 | 187 | 140 [ 156 | 172 | 188
133 | 149 165 | 181 | 134 | 150 | 166 | 182 | 141 | 157 | 173 | 189 | 142 [ 158 | 174 [ 190
135 | 191 [ 167 | 183 [ 136 | 152 | 168 | 184 | 143 | 159 | 172 | 191 | 144 [ 160 | 176 | 192
193 | 209 | 225 | 241 | 194 | 210 | 226 | 242 | 201 | 217 | 233 | 249 | 202 | 218 | 234 | 250
195 | 211 | 227 | 243 [ 196 | 212 | 228 | 244 | 203 | 219 | 235 | 251 | 204 | 220 | 236 | 252
197 | 213 | 229 | 245 (198 | 214 | 230 | 246 | 205 | 221 | 237 | 253 | 206 | 222 | 238 | 254
199 | 215 | 231 | 247 | 200 | 216 | 232 | 248 | 207 | 223 | 239 | 255 | 208 | 224 | 240 | 256
(©
1 17 33 49 65 81 97 | 113 9 25 41 57 73 89 | 105 | 121
2 18 34 50 66 82 98 [ 114 | 10 26 | 42 58 74 a0 | 106 | 122
3 19 35 51 67 83 99 | 115 | 11 27 | 43 59 75 a1 107 | 123
4 20 36 52 68 84 (100 116 | 12 28 | 44 60 76 92 | 108 | 124
5 21 37 53 69 85 (101 | 17| 13 29 | 45 61 77 93 | 109 | 125
6 22 3B 4|70 86 [ 102 (118 | 14 | 30 | 46 | 62 73 | 94 | 110 | 126
7 23 39 55 71 87 [ 103 ] 119 | 15 31 47 63 79 a5 | 111|127
8 24 | 40 | 56 | 72 88 [ 104 (120 16 | 32 | 48 | 64 | 80 | 96 | 112|128
129 | 145 | 161 [ 177 | 193 [ 209 | 225 241 | 137 [ 153 | 169 | 185 | 201 | 217 | 233 | 249
130 | 146 | 162 [ 178 | 194 [ 210 | 226 | 242 | 138 [ 154 | 170 | 186 | 202 | 218 | 234 | 250
131 | 147 | 163 [ 179 195 [ 211 | 227 | 243 | 139 [ 155 | 171 | 187 | 203 | 219 | 235 | 251
132 | 148 | 164 | 180 [ 196 | 212 | 228 | 244 | 140 [ 156 | 172 | 188 | 204 | 220 | 236 | 252
133 | 149 | 165 [ 181 | 197 | 213 | 229 | 245 | 147 [ 157 | 173 | 189 | 205 | 221 | 237 | 253
134 | 150 | 166 | 182 [ 198 | 214 | 230 | 246 | 142 [ 158 | 174 | 190 | 206 | 222 | 238 | 254
135 | 151 | 167 [ 183 | 199 | 215 | 231 | 247 | 143 [ 159 | 175 | 191 | 207 | 223 | 239 | 255
136 | 152 | 168 [ 184 | 200 | 216 | 232 | 248 | 144 [ 160 | 176 | 192 | 208 | 224 | 240 | 256

(d)
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2 18 | 34 | 50 | 66 | 82 | 98 | 114|130 | 146 | 162 | 178 | 194 | 210 | 226 | 242

3 19| 35 | 51 | 67 | 83 | 99 | 115|131 | 147 | 163 | 179 | 195 | 211 | 227 | 243

4 | 20| 36 | 52 | 68 | 84 | 100 116|132 | 148 | 164 | 180 | 196 | 212 | 228 | 244

3 21 [ 37 | 53 | 69 | 85 | 101 | 117 [ 133 | 148 [ 165 | 181 | 197 | 213 | 229 | 245

6 | 22 (38 |54 |70 | 86 |102|118| 134 150 | 166 | 182|198 | 214 | 230 | 246

7 23 [ 39 | 55 | 71 | 87 | 103 | 119 | 135 151 [ 167 | 183 | 199 | 215 | 231 | 247

§ | 24 (40 | 56 | 72 | 88 | 104 | 120 | 136 | 152 [ 168 | 184 | 200 | 216 | 232 | 248

9 25 [ 41 | 57 | 73 | 89 | 105|121 137 | 153 [ 169 | 185 | 201 | 217 | 233 | 249

10 | 26 | 42 | 58 | 74 | 90 | 106 | 122 | 138 | 154 | 170 | 186 | 202 | 218 | 234 | 250

11| 27 | 43 | 59 | 75 | 91 [ 107|123 | 139 | 155 | 171 | 187 | 203 | 219 | 235 | 251

12 | 28 | 44 | 60 | 76 | 92 | 108 | 124 | 140 | 156 | 172 | 188 | 204 | 220 | 236 | 252

13| 29| 45 | 61 | 77 | 93 | 109 | 125 | 141 | 157 | 173 | 189 | 205 | 221 | 237 | 253

14 | 30 [ 46 | 62 | 78 | 94 | 110 | 126 | 142 | 158 | 174 | 190 | 206 | 222 | 238 | 254

16 | 32| 48 | 64 | 80 | 96 | 112|128 | 144 | 160 | 176 | 192 | 208 | 224 | 240 | 256

AVX2E o|-&3t lox16 AZ| 14:

(a) ORIGINAL, (b) AFTER OPERATION A, (c) AFTER OPERATION
B, (d) AFTER OPERATION C, (¢) AFTER OPERATION D.
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Realtime maximum intensity projection using
CPU-based SIMD instruction set

Lee, Se—Hee
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Hansung University

Rapid visualization speed is quite essential for MIP (Maximum
Intensity Projection) rendering since the acquisition of perceptual depth
can require frequent changes in viewing direction. Since medical data is
very large in size, with hundreds or thousands of image sets, high—speed
visualization can not be performed through traditional methods. In this
paper, we propose a CPU-based real-time MIP visualization of mass
volume data that uses parrallelization operations through SIMD’s AVX
instruction set. We propose fast MIP rendering through the use of a
shear—warp technique that tilts the volume according to the direction of
the ray, and positions the volume and image parallel in order to perform
a SIMD that calls multiple values in a contiguous array, and computes

using only one instruction. The volumes are usually stored via X, Y, Z
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order. To use SIMD, you have to call sequential arrays. However, there
is a case where the data can not be sequentially accessed according to
direction observation of the volume. To solve this problem, we propose a
fast transposition method using AVX instruction. Not only is there a
large number of data to be computed at once, but the bottleneck is
greatly mitigated by the reduction of the number of operations necessary.
Since matrix transposition is commonly used in general image processing,
the proposed method is applicable to other image processing algorithms
for the sake of faster processing.

Volume rendering using the nearest interpolation is fast and easy, but
the resulting image is not smooth, and staircasing typically occurs. Three
dimensional linear interpolation was performed in order to improve image
quality. To perform a three—dimensional interpolation, several operations
are performed for each of the eight voxels. We propose a method for the
reduction of the number of operations necessary by pre—calculating the
weights of each of the voxels using the characteristics of the shear—warp
used in this study. The interpolation operation requires multiplication of
the density, which is an integer value of an actual voxel, by weight,
which turns out to be a real number value. However, in this paper, most
operations are performed via AVX2, which does not support
multiplication of integers and real numbers. To solve this problem, we
propose a method for conversion of the weights of real numbers into
integers, then performing the AVX2 multiplication between the integers,
which reveals the original values. Also, in order to show one pixel when
three—dimensional interpolation is present, eight voxels in the vicinity
should be approached and calculated. In this instance, memory
inefficiency occurs. To minimize this performance degradation, the order
of accessing the volume memory must be preprocessed in order to be

made as sequential as possible. We have prepared the three volume sets
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according to the observation direction before rendering, and each volume
minimizes the distance of the voxels necessary for rendering and
interpolation. Also, when the calculated values are stored in the image,
the distances between the image pixels are minimized, and the number of
accesses to the same position array is increased, thereby maximizing
memory access efficiency. We propose a new algorithm that can verify

this, and that can also perform performance comparison.

KEYWORD : Volume Rendering, Image Processing, MIP, shear—warp,
CPU parallel processing, SIMD, AVX, transposition, max, Interpolation,

Memory Reallocation
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