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Abstract: Spatial resolution measurement of industrial CT based on a periodic structure phantom has strict
requirements on the machining accuracy of the phantom, which affects the practicability and accuracy of the
method. To address this issue, a spatial resolution measurement technique of industrial CT based on an
equal-diameter circumscribed circle is proposed. First, the measurement mechanism of the line-pair-card is
analyzed. The equal-diameter circumscribed circle phantom was designed to form a continuous variable-
spacing structure. The equivalence relation between the variable spacing structure and strip structure (line-
pair-card) is derived. A spatial resolution measurement technique of industrial CT is established based on
an equal-diameter circumscribed circle. Then, an automatic measurement method of spatial resolution is
realized using an image processing algorithm. The results of this method are similar to those of the line-

pair-card measurement, and the relative error is within 10%. This method has fewer requirements for the
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machining accuracy of phantoms. The measurement process is simple and practical.

Key words: industrial computerized tomography; spatial resolution; equal-diameter circumscribed circle;

modulation transfer function

1 7

nu\4

Tl 7 55 AL )2 A% R (Industrial Com-
puterized Tomography, ICT) B A B il & 14 > |
BAR B a3 B e B 0, Tz N T A =S
R R AEAT M I 7= P9 T S A
Hi, FHN T CT &G AR, AL 45 Gl £ oS
(492K ) Tl CT (15MeV RELTAE CT R4 5%, &
G50 45 0] 43 PR 35 40 Ip/mm (L 5 CT)
0.5 Ip/mm (KB N &8 CT) , % B 4 P a5 /]
K 0. 100, =5 8] op B R AR RAE Tk CT R Gtk
RE Y — T S8, 5 BB A DU B ) %% DI AR G .
R, 280 Tl CT &R 4828 ] 43 B 1 A 25000 3
XFCT g&geicit WHh 56 WOr i I 45 D7 A 45
R,

BT, Tl CT & 428 [a] 43 B 220042k Ty 1k %
Ji B RT A3 S SR A 8 A 0 3 R R ) A% 3 e A
(Modulation Transfer Function, MTF) il it 7% .
JE 300 1 45 A 3R R AE CT IR rh BB 5
AXF B () FL B 3 45 JR I Pk 25 4, ) AT R )
1Y Fe /DGR RTS8 RG2S W] o HE 2, B
25 W ARG I A e A O H R I e ) A
2S¢ A MRS T A5 4K vl ] S0 2 45 A 174 2% i) A
0 [ B B A hn RS R o BEE &R GE A5 TR 43 B R
P im0 A Y I TR M B AR T, R
TS . MTFE 3% H A R 25 4 fi
BTN B SRAR ARG 43 B AL e AR AR
I AR R 6], 2% 05 36 7T 43 o 18 87 N I i
LT I AR Oy Ik 3 R IR HE CT IR Y
NG R FEAR B, R TS AL 4 B0 2 RO B 53
A3 #E AT B 5 18 OB i T H eR $L (Edge
Spread Function, ESF) , Ff £ o il B it 25 46 1 57
RAFMTEF #i 4k, T 2AE Tk CT RGN %5 7] 43
PR AE 52 BR N P 3 S EGOK B B T 2
W (A A S R AN B A T A R S
FPE . BT RO 58 SR, AR SO ] — X5 LA A
[Fi] £ [0 A AT G 322 282 725 ) B G Y, e ST 1 —
AT S5 M T JE P 2 A (R B B Tl CT

54557 18 4 B 7 2%
2 A o PE X AL A

2.1 FAEESERNERKEDR

Tolk CTHA LR WA 1R K JE 025
B (Xt R AR [ 2 T & b SRR ™ A XA
R 2R 15 AU O Bl R DN 4 4 W, AR B B 1 T B —
JE(360°) , 5 1 [] Hef 4 00 45 S Hsf SR B S5 28 25 35 5%
WE =W AES I ZE EAHLSEH CT K&
CigEi

Bl ZERBRTE Tolk CT H 4R 2 A
Fig.1 Scanning of strip phantom (line-to-card) in indus-
trial CT

Tl CT 140 8 il A 00 ] 5 2 i) Jal HE
Rzt RGP H S B B a5 . g, ol DL
R ) JBE S W ) A R A T S R A 0F LU T R

BMEE K ————— ©

AL Tal (AL T TV T et
1
i

H R b
1 | (A
! [}
! [y i
l i ff
U
[

2

—
~—
—

>

{
!
i
t
i

o
=

I
i
\

J
1

i

el
|
]

THER

I

L] Y I\/
i i
v !

J ‘

L) TR U LU L L L LR

K2 CT g
Fig.2 Process of CT imaging

T p——

Y

U
I
|
1
!
\

S
S
===



%14 FFuk, & T AL A Tk CT &4 55 8] 43 3% 2004 63
TFCT RIS S RRIRRRIS 507185 8 AT W 350
52 5 1 CT B M A L A 2 9 . ] o 4 M o0 U W () W () 4 )
W23t CT Wi A% J5 45 48 1) 55 [a) 45 R R AE %) L D
B IR T T T SEMLIIE DR BX . 14 iR )=
RS R S R i (R Rk
6500 4 Lo, P B D 5 H /M) 6 W I, 3 felet Gnt Da] —efa+ (4= Dal)
UL M 7T 2 (2)
Ly — 1, g(r)=1—
M= T .
kA R CT ot g2 (LT (el m el (el
o0 4 4 g RS B TR R (3)

25Ky (LX)l o g I8 Bk o ek 8. o BF

I

H.ne Z,2a, R P (P45 ) FETE B9 bk o v 2
e(x) ¥ B R f7 % ., & X N

eU»—F x>0
0 else

T Tl CT g & 48 JE —Fh & AR AR
g, Iﬁt,ﬁ\hﬂ%fﬁﬁﬂ‘ﬂﬂ‘ RN TR (S R=

WriB AL ek BB R g (2 )e BB 2 AT 3878 D g A
I%%%ﬁ&%%ﬂﬁﬁ %ﬁﬁmﬂth%ﬂm%vnWm 45 v g
Fig. 3 CT manifestation of strip phantom B Tl CT s gt B om o
pla)xg(x)= Jlg(r)p(x—r)dr:
2 J gl x+(471+1)a*r]*e[1+(4n*1)a*z’]}dz’—
i {Jw g(r) [1 +(4n+1)a,— r]dr— Jm g(r)e[z‘-i- (4n—1)a,— r]dr} =
I 2+ (4n+ 1)a; x4 (4n—1)a;
S wtoae = ] e W
[ B I A% AR e R R
g(r)xg(o)= [ g(r)gle—o)de | g(r)-
{1 EOC {e[z'Jr (4n+1)a,— r] - s[x+ (4n—1)a,— r]}}dr—
T 2+ (dn+ 1) a 2+ (4n—1)q,
1—{ > Um g(r)dr—fﬂc g(r)dr}} . (5)
TEAF EME S IS 00T 4 PUR AL B il B L) 22781
g W (LA ) M AB SR AE 2 = O Kb, D g e 1, (%
o =p(0)%g(0)= lliﬁ@;ﬂ)“'g(ﬂdf [ ”“’gmdz} .

L = q(0)%g(0)=1— L.
O BT 45 A 2 G5 4L 22 (8] 9 5% 1 G 2=, 7 £k Dk
kI(ﬁ@I)%§Lﬂ % Tl CT 5 ad
TR 114 5 20 3R A pR O A Oy

_ 1 2
glz)= mgexp( 262)- (7)

AR s 7 T 25 0 A ML R A 3 A7 A 7 i



64 e K TR

5 29 %

ZEM X, g () AR 43 pR T R 2 o B A4 T R
1999. 7300 0 MW (PR ) TEJE 20, %5 THRIEZE o
BF, 78 3% Am o I 22 10 DX [R] N AL & T 344X, it
BF B Mo ABL 290 1. 1%, o] X 9 e (gl 45 ) Rt 52
Wi 58 Ay 0 S ) R AH AR B B AL 2R X . PRk, 2
1.1% << My <<100% B, P I, AT T A

1

(4n+1)a; (4n—1)a;
Imax% Z[Jw g(f)dT*J . g(T)dT:|

Jﬁi:g(r)dr— j mg(r)dr—‘— julmg(r)dr—

o

-
Sa;
o

Jﬁu’g(r)dr+ j g(r)dr — Jsu;g(r)dr:

o]

f:,g(”df - ﬁ“’g(r)dr+ Jlg(z)df.

(8)

F0(6) R A (L), BRI A 3453 L Xt R
CT A& 5 W BE M iRk X
M=2].,— 1=~

(9)
2.2 ERMIBILEEERSN
XUBR 5 Carmignato 55 A2 HY A9 —Fh =
4t CT RG5 Bl o3 BERVEAG Oy i, EE 2RI —
A7 B A 1 2 2 1 (P A B A A A R B AR
B A5 F M A E BRAA ) X% S B il i 1T CT &
WG fih AR R NG L o A AR E 1R 22 Y
PRI AT R Y R /N ERAR AR R E CT &40
128 ] 43 BE 22 L % AR S TE T 2 % i B g
i 7 B AR X T HA BOK 23 BRI Tk CT &
40 ) 75 22 ELAR AE OR G BR A, BR A3 B i 3
A R A M 2 3 B Tt . Zanini 55 R T —
T B T UK ) A s T 43 B 3R It O 1, R T A
KEARRERAA R R &8 1A 3 0 57k B IOk R 5
S, VE O o s i DX o B R RAE CT R4
SRR T o 7 S EIP o ) R I
o M R S5 T AL 2 i SRR AT KR O3 A R 0l A2
S e L Y DX v B A 0 A R RN R P, I g 4
REEIRG o A 7 — b 7 2 R AR
FEAALAAR , FH T o CT A s AL, ) 6 25 3 45 A0
TAR R, B T AR Tl CT &R 481 =5 (6]
G HEAINA
mE 4R, WA BA MBI ARER (DR
AR e — %% DA E M. BT

CT H ol e 3 ol 4 fih DXl P50 e 72, 2% W 228 [
sory AR A CT 28 48 25 18] 23 #3001 v T ok
N DRI TR A R L i 34 A o A AR AT A Dy — o
B 5% 55 i % 2 AL I R B R

00
00
00"
@0

P4 U A A 5 2 [ 23 B A< Y O 2R

Fig.4 Relationship between double circular phantom and

FNED T

&

spatial resolution

D

BSR4

Fig. 5 Double circular phantom plane

WA S Br 7w, AR 20 ) 8 A 45 4 17 F
I 2 B i B 0 7
D —\/'D*— 4i*
5 .
5510 26 BEHE B N A i K BE 3 A ek 8] %
NN
f(x,a,)=1— U

— oo

(10)

a, —

g(r)dr},

(11)

Horr:a, Jy 5 B0 2 B BE 25 R A i SR (] BB 2 98

W EER (2, a) R H— LR K EEAE, HO<
[z, a,)< 1o

=048 AK(11) AT 15 A [H] ] R F rp il 26

g(r)dr — jl‘

— oo



514

FEF W, A BT ARSI B9 Tl CT R G825 (8] 70 # 4R Ik 65

B CT BIHMEIK B 34 A
S0, a)=f(a)=1—
|:Jajocg(r)dr— j::g(r)dr} =1— J: g(zr)dr
(12)
H1 T 1E 25 0 A R B g (o) B8 FR 23 G figg A i
FIA g () BRI AR

.  exp(Ax)
Glz)= 1+ exp(Az)’ (13)
4
/\I:P:A: o
V2t o

B AKX (12) I BEAT 1L, 744

2
fla)~ —F—————
Aa, 1
ex ZH Law
exp(Aah):m*1:W
Hpw=1.

2.3 SRIMIBERAHEERELST

PR R CT UG5 @I 6 B M5l A g ()
B 5 A G (o), B L (13) LA
(9) U M 7T R A :

a; 3a; 5q, A : A : 3a;
MT%Zng(r)dr— | etrrde+ jsug(r)dr}lwzlljxlejx(pé‘)]:) B 1JiX§>fp(1121) -
exp(Ax) s exp(Aa,-) —1 exp(SAa,) —1 i exp(SAa,-) —1 _
1+ exp (Af) a 1+ exp (Aaz) 1+ exp(SAa,-) 1+ exp(5Aaz)
2 2 CEN P (15)
1+ exp(Aa,») 1+ [exp(Aa,-)] 1+ [exp(Aal-)]
IR 6 BTz, 24 2] R A 20k i e (45 ) NI
i 2a, 5 0 5458V 19 4 B 2, AT 420 (14) 48 _ L (17)
f 4&(1/ ’

A (15) A 4 -

4 4 4

M,=1— + — —.
T 1 ‘47 1 ‘%rﬁ 1 ‘Jra
(16)

W) £ T 3 W (e A% ) W BE O 2a,, ( 2a,) XN
(25 Ja) A A f OB 2 X B/ 2= oK) TSR

6 BLIRAR {4 15 2 X6F % 5 o A 4
Fig.6  Width of double-circle phantom equals to the one

of line-to-card

Zk(D—m)
H e BIERBLA RN 1~1. 2,

A (17 vl 155 .
1
ah:@’
_ 2 (18)
1
f(4f»’f)

2 (18) 5 20 (16) Bk <7 B AT 3145 A1) LI
AT A5 (1) A R X R MTF £ .
FE AR 30 8 R 10 00 I8 ] R 2k
XF 5 R LA Tl CT &R 48 1 =5 18] 43 B, AL Ut
M =102 FRAZ(16) I #4774k, 15 3] .
4 4 4
107=1 v we

W (19)

X (19) A7 Z2 A OR AR, OR T 109 S5 4L
fift , T4 W A~ 2.81049 ,
¥ W == 281049 AL (14) 3k .
fa;)=~0.5249, (20)



66 e K TR 55 29 %

Pt , 1026 IR I BE T~ CT &R G 25 ) 43 B
i 1
Jow = Yoy e (0 ) (21)
2.4 ZER2SVIBIMTFEHIMEE ERTE
Ry PR AR ORI AR AR T il 2k b i R R
I3 A BETE T — Tl AR Ak B K T S B 0k S e Al
LR IKBE YA R I MTF #3155, BT &4
SROTIENY Tl CT 24 MTF A g il 77 i %
S ILANEEALE .CT BMG AEA4k s AR O
THEAL s OUIG AR AR B0 31 5 5 (B0 P il 4 1 RS OK

FERRIGTHIE CT ARG MTFE 4 . $dis 4k B
FEEE 7 FR
(RHICTER) > =l | o HRL | A

A

A

. N L
(itomre et FHELL o« same

BI7  CT R S Ak 2
Fig.7 Data processing of CT images

5 158 SR B AR BIF 7 CT AR £ (2, y ) B9 R SF
X, Horp o Oy BAR B B AR B Ly S LR B
Y AbR . WP 8(a) A1 8(b) iz , M A 3 1 {8
53 #0177 (clustering) ¥ ¥ — (AL EMZR 6(x, y)
W b(, y) BT COLEAERR (2, )T RR A

Zz(l'lb(i,j)::

i=0j=0

num (ilb(i,j)==1,i€[0,m ],j€[0,n])

SNl ==1)

i=0j=0

- num( jlb(i,j)==1,i€[0,m],j&€[0,n])
(22)

Ll

HoH nneom Ry i S5 AR 1 B8 R

R T RESEHERR LB Co o7 B, T BT R [ 2
AR E . B 8(e) s , XF b(x, y) 4T A
TEA R AR D R e (2, v ), TR A -

e(x,y)=b(zx,y)— b(z,y)0OB, (23)

Horb o0 RO JE i, B b(x, y) B 45K B TS
01 0

W.B=|[1 1 )
01 0

K K-means 2877 38 11 5 0UE 3.0 AL F5

HETLRIT .
(DEL, BRe(x,y)PENTHS L C
P B A B 14 0 B N IR A = {C}, F 4%
JR L C B BAE 2 A BRI 86 b 7 B W1 R Ak
2 B= {N}, ¥ & B 0941 & A R 2K B 4] 4
DA E
(2)FE e(,y) " FHRAE N 1Y £, B XU 1Y
é%uﬁ HHEZ A 52 AMEBRP.O SR
o MIZEEEAWTOEE/ANTEBK L
EE?:%H#A%i%@#/\%fx,i%ﬁﬁ%%fx FTA
AL R R Z IR R

(a) W IACTEI (b) AR
(a) CT image of double circular (b) Calculation of centroid using

phantom binarized image

(d) &L e e

(d) Center and central axis

(o) B HRBLN %
(c) Edge extraction using
morphology

K8 BB O B 8l B RS R

Fig. 8 Automatic extraction of center of double circle

phantom

BERIITELRCOEE (2, y) P HE
1R A B 5E B BT R AT [ A A 43 S
L=(x.,y.)MR=(xg, yr)o

wE 8 (d) fr s, F B O A AR (g, y,) F
(T ye) TEE PN ZR [ B0 S A8 bR (2p y)), PT 3R
NI

Yty ar— g gt xL

2 yR—yL("T' 2 )

(24)



51 FFF WA BT ARSI R 1 Tl CT &R 48 %5 [ 43 98 4 I 3K 67
THE 2 [ A B RO E LB LR LT
FRES Ay, A FEX BB CT KR f (2, y) R BB L
Azt By C (p5)  OTPEREUSARAR (o) KRG B 185 P 1
VAT B fxny)o BEREEAE /(2 y) A — AT 2E 47 73 B
o A=ce—a, B=(y.— o)/ (0, —xe),  EPERALEARAR(14) R (16) B AT 3K 453
C—tnon— )/ (n—z2). I M. 9 5y 3 e ol 2 0 B i 43 7
28 11 &
F b AR AR (17) B9 AT SR AR g2y M RIS
1.0 1.0_
—— Original data 0.9 \
08k Fitted data 0.8+ '.-
07f %
3 0.6 5 061 %
E L o5 %
S 04 Soap 4
S o3f =
02} 02 L¥
0.1F "
0.0 MAMMA L M%M 0.0L i " i :
120 180 240 0 1 2 3 4 5
Length/pixel Spatial frequency/(Ip-mm)
(2) HRHIIEOIR I 7 A (b) MTFhZ
(a) Gray distribution on the central axis (b) MTF curve
K19 ik BE 4 A Je MTF it £k

Fig. 9 Gray scale distribution of central axis and MTF curve

3 % I
3.1 RBREOFHIE

BEFH 5 S GCr15 A il 7R 89 7E kg XLIR] A 44
WARE 2 T B AT VA T A T v T A 5
RAF R S . B e R4 LT b, 15
NP HMNE R SF R @9 mm X 16 mm A B8} 5 3F
17 BF S i T S 3R TH Ot L 75 2 A @8 mm X 15
mm 9 [ AR AR 45235 F SGM15/14 5 = i ik
ATV K B AR I 2k, A FC A B 38 3] A5~50; X H:
FAMHEAT B 5 A0 B, 5 J5 2R T = AR A SO 82 1R R
SPEEAT IR U RS A Z AW R T CT
23 (8] 43 2 0 3 2R . R 2 1 O X ORI AR
AR [0 A ) T % W L A L 10 T

SEUO R BB R AR AR CE 20 CA T IR 2
hy S2 I AR S T CTIR&H G b, IR A
0 v 3 X B AT Tl CT 338 A% . S8 B Y

B FAM AR

/i

m

FI10 BB AR R 2
Fig. 10 Double circular phantom

B E RS T CT R R 5, tH 6 MeV

i 2% 5 2R R L 608 38 18 26 R g8 L XUST A B Bl
FE M Ol mEL G A, WA E B ITK

o] RS2 0.3 mm ([ %€ ), AH &P 38 18 7K ~F- 18] B 4y
1.3 mm, #RM &% 250 1 5 07 10 R (U1 R &)
AR o A AT RS L SE LA 0. 25~5 mm, B
K R 2 800 ¢Gy/min X 1 m, £ i R F A 2
mm , K H = CT =477 0.



68 b e

&
Do
©
o

3.2 B¥MESW

Sk B UE AR SCOT A RCHE L E S R
AT R AR 9 AR SO R B IR 4 R 22 s
] 43 B 5 (W 7 KT R M R NI A A AR AR
TRy sZm, DL K 5 2 Rk MR 25 R 22 5. W
B 11 fi s, 4xd R 58 B2 43 51 o 0.1/0.15/0. 2/
0.25/0.3/0.4/0.5 mm,

11 X RER K CT E &
Fig. 11  Wire pair card phantom and CT image

T Bl R BRI i I B DT 8 2o /N TR AL A
1z BT it SR R A 5 IURE A B R A, S R
FHE T CT R zs M Fr ) FRHE . M)
B E R AT IR B RL 3 2 SOR F i sh i &
T S5 30 e G 2 /DN 9 TR 8 R 0 25 AH 4 B T (]
ISR O R G e 2 | D3 8 DANR LB 31U
LTV 1R T VA 3 E R R 7 B = P R T 2 s A |
B, 3 o AR Tl CT & 48 K i s (4 Bk ol vk 8K
FJE AN ) 23 8] 2 B R CT BR . B 12(a) ~
12Cc) 43 S 45 1T 23 .5 A 10 IR S sh 4R 45 1Y £
XF R ARSI B4R CT &, 52586 5k i U R TR
91 mm AR 53 B8R R 4 096 X4 096 (1% I8 X 1%
JC ) HAZ 5 B 4 200 mm X 200 mm. % FH P Fl
D7 A 10 %6 A BE R (14 25 8] 43 BE R A ] 13 B
7R, AT UL Rl O 2 3R A B9 10 M TF /9 25 8] 43 9
RIARW G e KIRZETE 10% LAY,

HFEA A CT KR 73 HE2%F MTF I3 45 5
Y520, S8 R 2 RSl U1 R EE A 1 mm B
435 il 2 200 mm X 200 mm, W1 14 fF 7R o 34 Hm
IG5y B A B 15 = A I 2R 48 1 2 [ 43
{HJ2 4 25 0] 43 FE R 45200 2R e BRI, 38 18145 43
PN 2R GE 25 M Ay PR g M SR A B HL 2
TR T FERE A YA o DA A 4 SR AT DL A ik
R B S 4 B R X MTF 038 45 R A9 5 i
7 1 PR 5y BE R R (8 192X8 192) , R 3¢ 5 i
A (10 20 VA B2 ) Mg a3~ 400k 5 ) 8 {0, Jt PR A

Cd

1
0.007 407 3 ) ol
S ~ M 038 /
0.0055555 | i it 5 0.7 ]
‘ “ L BE i
0.003703 5/ i ‘ I ggi / ..&
| | | | |1 3 i
518 S t 02 { A
00018518/ N i
(1817,3890) Goseaeen, 0 20 40 60 80 100120 140160 180

(a) fRBh2 R CT IR K HHE
(a) CT image and data with 2 fretting frequencies

0.008 727 3,

|
M 09
. Il 08 f\.
0.006 545 5 41111 [t -8 07 /‘ !
ik 1] 5827 {1
0.0043636 || T B0z ; 1
’ | | | <037 ! Y
0.002 181 8f (| f | 021 ;
’w | O(I)j,....vM
Y

2040 60 80 100120 140 160 180

(18343888) (2226,3888)

(b) BN RAICT BIHG K Ktz
(b) CT image and data with 5 fretting frequencies

0.008 672 8 i
- H‘ |
0.006504 5t m ‘H“V %
I\ M. Mmoo i 206
[{VHy \ | i =oel
0004335 4T T T B DS
| | <
‘ .
0,002 1682 | T ]
‘ 0

(‘{236 589 0 2040 60 80 100120 140 160 180

(c) (BN ORMICTE B B Kt
(c) CT image and data with 10 fretting frequencies
12 AEBE & CT R
Fig. 12 CT images with different fretting frequencies

(1826.3889)

TR AR 1 O [ A3 ] A3 B A A0 B )RR K
1090 98 il B 7T 14 52 B 2 (] 53 9 3 55 28 0 1 4
LS VT AT, TR 32: 4 25 R0 9 18] 72 1026
R T N 2 D0 i S A s A QU R PN R
G BE i T X R ik [ 7 o G 00 B 7 4 5
i B R o3 B LA AR AT R Y 23 18] 73 B R e d
UNSER IR



51 W F T A T AR AT Y Tl CT £ 48 %5 (8] 43 B30 1K 69
F 58 AN [6) W 7 K- X7 MITF I 38 25 2R 1 52

1.6  —=— Line-to-card > e A for i = T
; W, S % R 2 YA Bl | LR O BE R O 4 096X

—e— EDCC g

10% MTF frequency/(Ip-mm™)

Fig. 13 Comparison of test results with different fretting

10% MTF frequency/(Ip-mm™)

Fig.

10% MTF frequency/(Ip-mm™)

Fig.

1.4

1.3F

12+

2 4 6 8 10
Fretting frequency/times

13 A[EEIR T W 45 2R L

frequencies

1.6

1.0

—a— Line-to-card
—e— EDCC

0'8 1 1 1 1
1024 2028 4096 8192
Resolution/pixel

P14 AN [ SR o3 93T s A L 45
14 Comparison of test results with different image

resolutions
14

—=— Line-to-card

0.8

L —e— EDCC

15

1
0.3 0.5 1 2
Thickness/mm

K15 AR R )5 BT I 45 2R L

Comparison of test results with different slice

thicknesses

4 096 (& 7T X478 )  BU&E Bl R 200 mm X 200
mm, W& 15 i . YRR B & 5 CT &R i
FEOKF 1 F R BT S5 3R WU R )R B R
K, G M P KO- BRI o AT DL W R AR SC )y ik
A — 8 05, WS R S o Rk i 4 R 22
SR D PR AR T AR S B e A 1 K
G A HEAT 43 B 4R M 4805 Ok o A1 PR M 7 R T4
R R SR A PR o WA BT, T IR 2RI E 10%
DL BEAS T f A 0 220K

WF 78 A ] B A2 B4R X MTF 3 &5 21 9
SR, SEHG R S IR BB ER A3 HER A 4 096 X

() AR EREACTEIR

(a) CT image of phantoms with different diameters

1.6

—=— Spatial frequency
1.5F

SO

1.3}

10% MTF frequency/(Ip-mm™)

1.2
2

7 12 17 22 27 32
Diameter/mm
(b) MRS
(b) Measurement result
116 A [r) A A4S 1 ) 3 0 AR L

Fig. 16 Comparison of test results of phantom with differ-

ent diameters



70 b=

ks TR

5 29 %

4 096 (& 7T X AR I ) BU&SE Fl 2 200 mm X 200
mm AR R 1 mm, XU R B AR 4 5k 3,
6,8,20,26,32 mm, W& 16 frR . AT WL, B4 fk
ELAR AR AN 45 I 35 5 ) 2 (0] 40 5 R 0 6 &5
WP PR R 5| AN [ AR A ) 2 SR U sh Y
FEFH

4 % #
A SCEF RHE G Xt R il Tl CT R4 %
[B] 73 H 2Z 04 Jeg B P 4 52 7 4 0 3k i A Y R,

SH Wk

(1] %3z, SF&F, KM, TLCTHAFRE[M].
JemT s Bl pAt, 2009,

ZHANG CH Z, GUO ZH P, ZHANG P. The
Technology and Principle of Industrial CT [M].
Beijing: Science Press, 2009. (in Chinese)

(2] HRAE, BER, AR, ¥ . 3 T R8I

R Tl CT 58 5 R HARLT]. P RAMFE S
B & 4 #7, 2016, 21(1): 14-21.
KANG K J, CHEN ZH Q, XIAO Y SH, ezal.. In-
dustrial CT imaging for detecting defects in large scale
equipments[J]. Chinese Journal of Stereology and Im-
age Analysis, 2016, 21(1): 14-21. (in Chinese)

[3] MASKERY I, ABOULKHAIR N T, CORFIELD
M R, et al.. Quantification and characterisation of
porosity in selectively laser melted Al-Sil0-Mg us-
ing X-ray computed tomography [J]. Materials
Characterization, 2016, 111: 193-204.

(4] MREF, £5F, od, F. BHMCT =40 9%

M kR bR (T]. A RBE R 5 HE T4,
2017, 15(2): 127-134.
CHENJP, CUILF F, ZOU J, et al.. Research on
measurement methods for 3D spatial resolution of
micro-CT[J]. Nanotechnology and Precision Engi-
neering, 2017, 15(2): 127-134. (in Chinese)

[5] FRIEDMAN SN, FUNG G S K, SIEWERDSEN
JH, etal.. A simple approach to measure comput-
ed tomography (CT) modulation transfer function
(MTF) and noise-power spectrum (NPS) using the
American College of Radiology (ACR) accredita-
tion phantom [J]. Medical Physics, 2013, 40(5) :
113-124.

(6] ##m, akP, 2HF, ¥ HPHLEAMRIER

AR AT 5 A A SRS AR S ST TP A A R A A
KA M T T AN ) I B MTE 4 75 %
SIAT T I A R 52 S () oy B R IRAR Oy PR
7K BRER B B e B, SR GCrl 5 ol
PR S8 B0 I T AR T R A O . SRR 2
R ATk I R A5 R R R Rk R 2
PEHILE 1000 LA, HAT SR T 28R A% 0 4 i
T fa] BB P a5, AT T CT RGBT o
g WML A DT T . T — AR B AR AR A1)
I8 V5 11 Ik M6 D7 9 K Oy 52 0 0B 465 3R 1) 52 e O g
WS ATy ¥ B8 PR E T

ARGEMTE IR #r (1], A, 2016, 39(7):
41-48.

SUN CH M, TANG G P, WANG Z Y, et al..
Analysis of MTF in digital radiography using linear
detector array [J]. Nuclear Techniques, 2016, 39
(7): 41-48. (in Chinese)

[7] BAEK J, PELC N J. Use of sphere phantoms to
measure the 3D MTF of FDK reconstructions[J].
SPIE,2011,7961:79610D.

[8] SAMARTZIS A, FOUNTOS G, KASTIS G A,
et al.. Towards task-based assessment of PET per-
formance: System and object DQE across different
reconstruction algorithms [J]. Physica Medica,
2016, 32: 319.

[9] METTIVIER G, RUSSO P. Measurement of the
MTF of a cone-beam breast computed tomography
laboratory scanner [J]. Nuclear Science Symposium
Conference Record (NSS/MIC). IEEE , 2011, 58
(3): 703-713.

[10] &&%, AFE, @efa. gl 7]k ik

WAy REELI]. w8 Xk FFiHh: THRK,
2013, 35(1): 78-82.
ZHU ZH L, LIU F G, TAO X Y. An improved
slanted-edge method to obtain edge spread function
[J]. Jowrnal of Nanchang University: Engineering
& Technology, 2013, 35(1): 78-82. (in Chinese)
[11] FAL, MM, RE K, F . 5T UEHIR 7] 0
IO HL AR FR G MITF i v L i [T ). 2 5 %
&, 2016, 45(12): 1211002.
LIH, YAN CH X, SHAO J B, et al.. High accu-
racy measurement of the MTF of electro-optical im-
aging system based on modified slanted-edge meth-

od [J]. Acta Photonica Sinica, 2016, 45 (12) :



B

FEF W, A BT ARSI B9 Tl CT R G825 (8] 70 # 4R Ik 71

[12]

[14]

[15]

[17]

EER N

1211002. (in Chinese)

X35, FRM, E0k, F . JIENMTE W0
KLY HE[I]. P B A F AR AR F 4R, 2012,
29(6): 786-792.

LIU L, LI X B, JIANG X G, et al.. Accuracy of
knife-edge method in MTF assessment [J]. Jour-
nal of Graduate University of Chinese Academy of
Sciences, 2012, 29(6): 786-792. (in Chinese)
FAA, EBE, AN, F . AERBRMLIIL
(L 9 B RR B T Or IR [T 4k 4R, 2019, 48
(3): 352-362.

LIZH W, CUIG ZH, GUO C ZH, et al.. An al-
gorithm for the estimation of point spread function
based on curve edge of arbitrary shape [J]. Acta
Geodaetica et Cartographica Sinica, 2019, 48
(3): 352-362. (in Chinese)

LOOT K, BLOCK A. Technical note: accuracy
of MTF measurements with an edge phantom at
megavoltage X-ray energies[J]. Medical Physics,
2019, 46(12): 5685-5689.

ZHANG T, LIN C, CHEN H L, et al.. MTF
measurement and analysis of linear array HgCdTe
infrared detectors[J]. Infrared Physics & Technolo-
gy, 2018, 88: 123-127.

ISO 15708-2017. Non destructive testing. Radia-
tion methods. Computed Tomography [S]. BSI
British Standards, DOT:10. 3403/30180800u.

A AR e RAZTREEERERER, T
FAREANE LR 4 b N RIANE 2
P B G AR JC B A X 2 Bl B R
W GB/T 35389-2017[S]. dbat: o [ 45 fE Hi iR
., 2018.

General Administration of Quality Supervision, In-
spection and Quarantine of the People’s Republic of

China, Standardization Administration of the Peo-

. FFUR(1984— ), B Wi T A Al
WE5E B, 2006 4F , 2009 4 F #i 1. Tl
N I R L e e S AN XN
Tk CT AR B RN W58 . E-

mail: nathan1984(@qq. com

[18]

[19]

[20]

[21]

[22]

ple’s Republic of China. National Standard (Rec-
ommended) of the People’s Republic of China:
Non-destructive testing - X-ray digital radiography -
Guide GB/T 35389-2017[S].
Press of China, 2018. (in Chinese)

HERAE, R FRTLGE S TR
i B LT, AL AR e A, 2012, 21(12)
113-116.

JIANG A D, CHEN Y L. Edge signals offset

Beijing: Standards

problems after gauss smooth in image[J]. Comput-
er Systems & Applications, 2012, 21 (12) : 113-
116. (in Chinese)

CARMIGNATO S, PIEROBON A, RAMPAZ-
70O P, et al.. CT for industrial metrology-accura-
cy and structural resolution of CT dimensional mea-
surements[ C]. Proc. of the 2012 Conference on In-
dustrial Computed Tomography, Wels, Austria:
ICT, 2012:161-172.

ZANINI F, CARMIGNATO S. Two-spheres
method for evaluating the metrological structural
resolution in dimensional computed tomography
[J]. Measurement Science and Technology, 2017,
28(11): 114002.

YU J,HUA F,LID S. MTF measurement of pro-
gressive addition lens [J]. Optik, 2019, 193:
163000.

X, B, BRI, L RSB IE LT
AR M HAESL I F R R HTT]. AR
5 EkE g, 2009, 17(3): 21-23.

LIU QJ, CHEN T, CHEN SH C, et al.. The
approximate formula of normal distribution integral
and its application in experimental result determina-
tion [J]. Advanced Measurement and Laboratory

Management, 2009, 17(3): 21-23. (in Chinese)

= F1962—), 5 Wb AL #
B, WA B, 1990 4E F W i1 K2
IRAFAR A2 A0, 2011 4F F 47 7 Tolk oK
AN, BTN TR &
Lyl A SRS R . E-

mail: welj@zjut. edu. cn



