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Computer-Integrated Surgery (CIS |)

Professor Russell H. Taylor

Office: Hackerman Hall 127

Lab: Hackerman Hall BO&H

LCSR Executive Director (major adminstrative matters): Lorrie Dodd; Idodd@jhu edu; 410-516-0740
Personal Assistant (appointments and routine matters): Michele Greatti; RussAdmin@jh.edu;410-516-6841
Office Hours: By appointment

Fall 2024 Information

Covid-19 Information

= All students are requested to wear high quality masks for any in-person classes or TA sessions This is both for

your protection and for that of the instructor, the TA, and your fellow students. The class is very full, and the classroom


https://ciis.lcsr.jhu.edu/doku.php?id=courses:455-655:455-655

Course Wiki: https://ciis.lcsr.jhu.edu/doku.php?id=courses:455-655:455-655

Section and TA office hour times and location

Tatiana Kashtanova

= Email: tkashta1@jhu.edu
= Office Hours (starting September 9)
= Time: Monday, 10 am - 11 am
= Location: Zoom
= Dy hitps:/(JHUBIueJays zoom us/j/990528316257pwd=AFMJsShoz APNIMKPYv4 7 Jglgjz3hAN 1
= Meeting ID: 990 5283 1625
= Passcode: 096011
= Discussion sections will be announced on Piazza

Ieetings with a TA (subject to change):

= 9-Sep: Math —
= 16-Sep: HW1
= 23-Sep: HW2
= 30-Sep: PA general, PA1 | will upload my slides here
= TBD: PAIntro

= 7-Oct: HW1 Review
= 14-Oct: PAZ

= 21-Oct: PA3 —
= 28-Oct: HW3

= 4-Nov. HW2 Review

= 11-Nov: HW4, PA4

= 18-Nov: HW3 Review

= 25-Nov: N/A (Thanksgiving)
= 2-Dec: PAS



https://ciis.lcsr.jhu.edu/doku.php?id=courses:455-655:455-655

Course Wiki: https://ciis.lcsr.jhu.edu/doku.php?id=courses:455-655:455-655

Organizational Information

= Fall 2024 Schedule

Schedule: https://ciis.lcsr.jhu.edu/doku.php?id=courses:455-655:2024:fall-2024-schedule

CIS 1 (601.455/655) Fall 2024 Schedule

Note: This page is subject to change

* Lecture slides
 Supplementary material
 Assignments (hand-out & due dates)


https://ciis.lcsr.jhu.edu/doku.php?id=courses:455-655:455-655
https://ciis.lcsr.jhu.edu/doku.php?id=courses:455-655:2024:fall-2024-schedule

Piazza: https://piazza.com/jhu/fall2024/601455655

* Course announcements O]
: gr:;j: partner Piazza App

* Typos/errors
* Private message to the professor & TA

Partner:

* Can be changed between assignments
* Do notabandon anybody before the due date!


https://piazza.com/jhu/fall2024/601455655

Special circumstances / Accommodations:

* Sport/science competitions
 Conferences

* Marriage

 Scheduled health-related procedures
* Etc. expected

v

Tellus in advance!

Sickness
Fire
Etc. unexpected

Do not come to the class. Tell us!

v

Contact “Student Disability Services”!
They will contact us.

\ 4

Disability

Review — Russell H. Taylor (2024). Fall 2024 Organization Lecture — for details



CIS Math Tutorial

References:

Benjamin D. Killeen (2022). Frame Transformations in Computer Integrated Surgery: A Graphical Introduction

Russell H. Taylor (2024). 600.455/655 Lecture Notes: Basic Mathematical Methods for CIS



e Aframe is abasis for numerical measurements

-“UA,I- of object locations, orientations, or poses
?iA- o . . ° .
"y Y * Apointisasingularlocationin space
Az

* Vector u, defines the position of u relative to
frame 4

A pointu as measured in frame 4

Benjamin D. Killeen (2022). Frame Transformations in Computer Integrated Surgery: A Graphical Introduction



Fap = [Rap,pas]

e
P
Frame transformation “A from B” Ug=F pup = [Ryp, Paplup =Rap U + Pap

Fsp = [Rap, PaB]

A measurement of frame B pose (rotation
+ translation) with respect to frame 4

* upgisthe measurementofuinframe B
* F,p known

The right-hand subscript of the transform should match the subscript of the point F gFp = F4

Benjamin D. Killeen (2022). Frame Transformations in Computer Integrated Surgery: A Graphical Introduction



Inverse Transformations

-1 _ p-1 -1 up = Fgaus = F Lu
F,p = [Ryp, —R 5 PaB] B pATA T 2 ABTA

1 = [R5, —R,pPaplua
Fa g = Fpy

Rotation matrices are orthonormal;:

’ 0 1 0] '[4 0o 1 01 '[
R—1=RT = 0 0 -1 51 — 0 0 -1 2
1.0 0 6 1.0 0 3

0 1 0] 1 00 -1 'ﬂ 0 0 1] m
Faig = [Rap,Pap|/=|]|0 0 —-1{,]|2 = (1 0 0 51—11 0 0|2
(LR ==l

o[- 0%4 + 0*5 -1%6 = -6
= [—45J - [—lQJ 1*4+0*5+0*6 =4
0*4-1*5+0*6 = -5
y 6+3=-3
| 4-1=3
{3] -5+2 = -3

Benjamin D. Killeen (2022). Frame Transformations in Computer Integrated Surgery: A Graphical Introduction



Frame Composition

Fip = [Rap,pas|
Fiac =FapFpc = [RapRpco,RaBpBc + paB]

ua = FapFpcuc =Fyp [Rpe, Prcluc
Fgc = [Rpc, PBC]
= Fas(Rpcuc + pac) =[Rap Papl(Recuc + Prc)

= Rip(Rpcuc +pPBc) + PaB

= (UG + [{RABPBG + pAB)]
@ {RABPBC + PAB]]UC

= [RagRBc,Rappsc + pasluc

Benjamin D. Killeen (2022). Frame Transformations in Computer Integrated Surgery: A Graphical Introduction



Insert a rigid metal rod (K-wire) into pelvis

fromutov Tracker
A hologram (red arrow) should be aligned Infrared (camera)
with the desired trajectory markers
Fwa = [Rwa, Pwal
F
T8 HoloLens 2
Fyr (“mixed reality”
headset)

Fem Y A - =t
g i | " * >I&Reference
N e l markers
X-ray imaging P \
“World”

device (C-arm) WA S
| . amms® Camera Z

at X'ray Arrow Pwa < Uy
_ —1 _1
= Fyy FypFrpFryFcpyu,

= Fycu,

Benjamin D. Killeen (2022). Frame Transformations in Computer Integrated Surgery: A Graphical Introduction



Pwa < Uw

= FwuFurF L, FruFgy,

= [Rwaw, [RHRa Rk %R’}}{PTR] R , [R(Eilua[— (_J*}'./IPCPVJ]@

\

_ —1 R—l
- WHIVH RV p VT MV r

1 _1
—RwuRurrR pRrM CMP(;WJ

+ RwuRurR7pPTM
——/

7

—RwuRurRrPTR

_ ~1 1. _
_F Uy = FyyyFypFrpFryFoyu. = Fycu,
= rwcUuc
= Rwcue + pwe vy = Fyc v,

Similarly, we note viy = Fywove.

Benjamin D. Killeen (2022). Frame Transformations in Computer Integrated Surgery: A Graphical Introduction



F H E;(;FBEFEH
- E;(;FEH

BGH — R;:BBEREH
ﬁGH - ;;ﬁsH - B_(;FBEﬁEH

Give a formula for computing the pose F_,

of the surgical tool coordinate system n —F1 .y "
. 9 . - Y . pGH _ FBG(RBEPEH + pBE)
relative to the patient rigid body coordinate system F,?

Peu = [Rge, —Rst Pec](RBePEH + PBE)

What are the components F_,, = [RGH,pGH] _ _1
Peu = Rp¢(RpePen + Pee) —R56 Poe
pGH - RBG(RBEpEH + pBE o pBG)
Russell H. Taylor Copyright 1996-2023; 600.455/655 lecture notes JHU Laboratory for Computational Sensing and Robotics \r
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Russell H. Taylor (2024). 600.455/655 Lecture Notes: Basic Mathematical Methods for CIS



Forward and Inverse Frame Transformations

Forward

F=[R.p]

Russell H.

Inverse
F'v=b
b=R™"e(V-p)
:R_1 OG—R_II.ﬁ

F'=[R"-R"+p]

Taylor (2024). 600.455/655 Lecture Notes:

Composition

Assume F =[R,p,], F,=[R,,p,]

F eF,eb=F ¢ (F,eb)

=F .(Rz.5+l_jz)
=[R,.p,]*(R,eb+p,)
=R, ¢(R,eb+p,)+p,
=R, *R,eb+R ep, +p,
=[R1.R23R1 .[_jz+l_jl]'5

F,oF,=[R,,p,|*[R,,p,]
=[R1 ¢ R25R1ﬁ1+f’1]

Basic Mathematical Methods for CIS



Vectors

dot product: a=v-w = (vxwx VW, + Vzwz) =||V|[|w||cos

cross product: u=vxw =

VW, -VW,
VW -V W
z X X Zz

Vw —v w
Xy yoox

Jul=[vl[w[sine

Matrix representation of cross product

operator
Define
0 -—-a a.
A A A : ’
a=skew(a)=| a. 0 -—a,
-a, a, 0
Then

axXv=skew(a)ev

Note that rotation doesn't affect inner products

(Reb)s(Rec)=bec
or lengths of vectors

R-v]|= ¥

Russell H. Taylor (2024). 600.455/655 Lecture Notes: Basic Mathematical Methods for CIS



“Small” Frame Transformations

Represent a "small" pose shift consisting of a small rotation AR
followed by a small displacement Ap as

AF =[AR, Ap]
Then
AFev=ARev+Ap

AF = [I + sk(a), €]
AF~1 = [I — sk(a), —¢€]

o —p

Approximations to “Small” Frames

AR(3) = |+ skew(3)
AR(3)™" =1 - skew(d) = | + skew(-a)

Notational NOTE:

We often use « to represent a vector of small angles
and £ to represent a vector of small displacements

In using these approximations, we typically ignore second order terms. l.e.,

—

a0, = 0, 0,E, = 0, €= 0, etc.

Russell H. Taylor (2024). 600.455/655 Lecture Notes: Basic Mathematical Methods for CIS




Errors & sensitivity

Often, we do not have an accurate value for a transformation,
so we need to model the error. We model this as a composition
of a "nominal" frame and a small displacement

F. —=F _ eAF

or (less often) F = AFeF. We also use v’ = vV + Av, efc.
Thus, if we use the former form (error on the right), and

have nominal I"E'GﬁOﬂShip \_} = F.B, we get
V =F eb
—FeAFe(b+Ab)=Fe(AReb-+ AR eAb+ Ap)
xR-({I+sk((¥))-(6+,f_\t;)—i—Aﬁ)+ﬁ=R-{§—|—ﬁxB—l—&E+&ﬁ}+ﬁ

ER-((_EXE—I—AE—FAIS)—O—ROE%-I;:R'(GXE‘FAE"‘&&.)%G

AV ~R e (o xb+ Ab+ Ap) |

Russell H. Taylor Copyright 1996-2023; 600.455/655 lecture notes JHU Laboratory for Computational Sensing and Robotics

= F-[AR, Ap] - (b + Ab)

actual ~  nominal — F . (AR . (b + Ab) + Ap)
Often, we will use the notation F* for F_ _ and will just use —F. (AR b+ AR -Ab + Ap)
F for F . Thus we may write something like =R-(AR-b+AR-Ab + Ap) +p
F =FeAF =R-(AR- (b + Ab) + Ap) +p

AR =~ I + sk(a)
Ap = €

sk(a) -Ab =~ 0
v'=1v+Av

vl

72

Russell H. Taylor (2024). 600.455/655 Lecture Notes: Basic Mathematical Methods for CIS



like M(R,b)ea.

Reixb=-Rebxai
=R e skew(—b)ea
=[R- skew(l;)r]-ﬁ

Russell H. Taylor Copyright 1996-2023; 600.455/655 lecture notes

Digression: “rotation triple product”

Expressions like Reaxb are linear in a, but are not always
convenient to work with. Often we would prefer something

skew(a)® R = R e skew(R™' o 2a)
R 'skew(a)® R = skew(R ' e a)

[
JHU Laboratory for Computational Sensing and Robotics H( '.’f

80

o —u)

Russell H. Taylor (2024). 600.455/655 Lecture Notes: Basic Mathematical Methods for CIS



A “standard form” for linearized error expressions

It is often convenient to use identities to rearrange expressions
involving small error variables into sums of terms with the general
form M, 7, where M, involve things known to the computer, and
the n, are error variables.

For example,

7=Rsk(c)a + sk(S)b
would be rewritten as

y=-Rsk(a)o — sk(b)j
or

7=Rsk(-a)d + sk(-b)B

o —u)

=
Russell H. Taylor Copyright 1996-2023; 600.455/655 lecture notes JHU Laboratory for Computational Sensing and Robotics H( '.’l

82

Russell H. Taylor (2024). 600.455/655 Lecture Notes: Basic Mathematical Methods for CIS
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