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Introduction (1)
� What is ultrasound

� Ultrasound is sound with a 
frequency over 20,000 Hz, 
which is about the upper 
limit of human hearing. 
Human beings cannot hear 
ultrasound 

� Ultrasound imaging uses 
the transmission and 
reflection of high-frequency 
longitudinal, mechanical 
waves (“ultrasonic sound”
waves) in tissues

First technical application:
“Echolot”
Use signal run time to measure distances

Longitudinal wave
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� Scope of sound

� Infrasound - 0-20 Hz

� Audible sound - 20 Hz to 20,000 Hz

� Ultrasound - >20,000 Hz (or 20 KHz)

� Medical ultrasound - 2.5 MHz to 15 MHz

� Medium Velocity [m/s]

� Air (20°C-37°C) 350

� Water (20°C-37°C) 1500

� Blood 1570

� Fat 1465

� Muscles 1529-1580

� Bones 2650-4040

[TomTec]
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Introduction (2)
� Equipment of ultrasound 

machine

[Toshiba]

Smartbook

Handle-Palm

[Welld]

[Welld]

Transducer

[wikipedia]

[GE]
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Introduction (3)
� Strengths

� No known long-term side effects and rarely causes 
any discomfort to the patient.  

� Relatively inexpensive compared to other modes 
of investigation (MR)

� Mobile and fast (cardiac: 8 s vs. 20 min. for MR)

� Interactive: enabling rapid diagnoses. 

� Weaknesses

� Difficult to interpret

� Strong artifacts 

� Operator-dependent
� A high level of skill and experience is needed to 

acquire good-quality images and make accurate 
diagnoses. 

Artifacts

[wikipedia]
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Technology-- how does ultrasound 
scanning work? (1)

� System beamformer initiates sound 
wave

� Scanhead produces “pulses” of 
ultrasound

� Transmission through medium

� Reflection from tissue interfaces

� Signal returns to system 

� An image of all reflections is formed 
on the monitor

[AnaesthesiaUK]

medium

Travel 
deeper

First reflective 
structure

3MHZ

12MHZ
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How is the image formed 
on the monitor?
� The strength or amplitude (brightness) of 

each reflected wave is represented by a dot

� The position of the dot represents the depth
from which the returning echo was received 

� Depth depends on “Timing”
� how long it takes for the echo to return to the 

scanhead

� These dots are combined to form a complete 
image

� Strong reflections = white dots
Diaphragm, gallstones, bone

� Weaker reflections = grey dots
Most solid organs, thick fluid

� No reflections = black dots
Fluid within a cyst, urine, blood

[AnaesthesiaUK]

[Toshiba]
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Technology-- how does ultrasound 
scanning work? (2)
� Uses a hand-held probe 

which transmits ultrasound 
pulses into the body and 
receives the echoes

� Magnitude and timing of the 
echoes are used to create a 
2-D grey-level image (B-
scan) of a cross-section of 
the body in the scan plane

[TomTec]
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Technology-- how does ultrasound 
scanning work? (3)

[TomTec]
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Technology – modes of 
measurement (1)
� A: Amplitude

� A one-dimensional 
representation of a reflected 
sound wave in a diagnostic 
ultrasound.

� B: single line Brightness
� A two-dimensional diagnostic 

ultrasound presentation of 
echo-producing interfaces in a 
single plane.

B-Mode

depth

[AnaesthesiaUK]

[wikipedia]
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Technology – modes of 
measurement

� M: Motion

� A diagnostic ultrasound 
presentation of the temporal 
changes in echoes in which the 
depth of echo-producing 
interfaces is displayed along 
one axis and time is displayed 
along the second axis, 
recording motion of the 
interfaces toward and away 
from the transducer.

� Use the high sampling 
frequency (up to 1000 pulses/s) 

� Useful in assessing rates and 
motion and used extensively in 
cardiac and fetal cardiac 
imaging

M-Mode

[TomTec]
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Technology

� 2D

� 2D-real time

� Most modern ultrasound 
devices

� Sequential B-mode pulses 
sweeping across a plane to 
display the image in either a 
liner or sector format

100 images per second

[AnaesthesiaUK]

[wikipedia]
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Technology
� Doppler

� Ultrasonography can be enhanced with Doppler 
measurements, which employ the Doppler effect to 
assess whether structures (usually blood) are moving 
towards or away from the probe, and its relative 
velocity.

� Doppler Effect based on work by Austrian physicist 
Johann Christian Doppler

� Scanhead is the sound source and receiver

� Source moving toward receiver = higher frequency
Source moving away from receiver = lower 
frequency Doppler in ultrasound

Colour Doppler 

red and blue display provides information 
regarding DIRECTION and VELOCITY of 
flow.

[AnaesthesiaUK]

[wikipedia]

Flow coming towards 
the scanhead

Flow away from 
the scanhead

Herzuntersuchung

Source (object)Receiver(probe)
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� 3D
limitations of 2D viewing of 3D anatomy
developed towards the objective to assist the 
physician in understanding and evaluating 
the patient’s  anatomy.2D Ultrasound Specimen 3D Ultrasound

LV

LA
AV

LAAV

LV LV

LAAV

TUFTS, NEMC

[TomTec]

Comparison - LV

LA: linker Vorhof (Atrium)  LV: linker Ventrikel AV: Aortenklappe
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� 4D

� Scanning of moving objects

� 3D + real time (Live-3D-Ultrasound) 

[www.layyous.com/ultrasound/ultrasound_video.html]
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Ultrasound examination
� Scanning: B-scans

� Reconstruction: B-scans(2D) � voxel-based (3D)  

� Visualisation: volume rendering, surface rendering

[Viswanathan et al.]
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Scanning techniques(1)
� Scanning methods

� Mechanical scanners

� linear, fan, rotational

� Tracking methods for free-Hand scanning

� acoustic

� articulated arms
� Measure angularity between movable 

arms

� optical

� magnetic sensor

Optical tracking of the probe

acoustic

Magnetic 
sensor

A pivoting cradle

[Fenster et al.][Bouchet et al.]

[TomTec]
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Scanning techniques (2)
� Factors of scanning 3D images without distortion

� The scanning technique must be rapid or gated
� To avoid image artifacts due to involuntary, respiratory, or cardiac 

motion

� The locations and orientations of the acquired 2D images must be
accurately known

� To avoid geometric distortions in the 3D image 

� The scanning apparatus must be simple and convenient to use
� Not complicated to perform 

� The scan can be easily included in the examination procedure
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Calibration
� What is ultrasound calibration

� Involves tracking the ultrasound 
probe and determining a 
transformation from the 
ultrasound 2D image space to 
the probe’s local coordinate 
system

� When the tracking system tells 
us where the probe is in world 
space, 

� We can determine the location 
in world space of each pixel in 
the ultrasound image

� Why do we make a calibration
� Accurate calibration is essential 

for a consistent reconstruction 
that preserves true anatomical 
shape

sensor space

world space

phantom space

[Mercier et al.]
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Volume Reconstruction--
Control movement

� Mechanic : Rotate, sweep or 
translate to get from 2D to 
3D

� Freehand : all directions

Rotate Sweep Translate

**

freehand

[TomTec]

[TomTec]
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Volume Reconstruction--
Model
� Set of acquired B-scans-� 3D matrix of volume elements 

(voxels)

Translational case [TomTec]
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Volume Reconstruction--
Coordinate systems (1)• Four coordinate systems

– 1. coordinate system of the B-scan plane: P

– 2. coordinate system of the position sensor’s receiver: R
– 3. coordinate system of transmitter: T

– 4. coordinate system of reconstruction volume (phantom coordinates): C

2D 3DPhantom

1

23

4

3

[Mercier et al.]
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Volume Reconstruction--
Coordinate systems (2)

[Prager et al.]
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Volume Reconstruction–
Transformation (1)

• Three Transformations 
– point (u,v) is mapped into 

sensor space by 

– Then into world space by 

– Finally in phantom space by

– and         are rigid body 
transformations (translation + 
rotation)

– is an affine transformation 
if the scaling factors are 
included in the calculations 
(rotation + deformation)    

R
TT

T
CT

R
TT

P
RT

P
RT

R
TT

T
C T

R
TT

P
RT

T
C T

sensor spaceworld space

phantom space

[Mercier et al.]
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Transformation (2)
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Sx,Sy: scale factors (mm/pixel)

[Prager et al.]
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� Transformation between two coordinate systems

� Spatial movement comprises 6 values
� Position: 3 translation (x,y,z) 

� Orientation: 3 rotation

� Six degrees of freedom

� Homogeneous Transformation

� Relation between A and B coordinate frames is given by : position vector             
and rotation matrix           of B with respect to A

Volume Reconstruction–
Transformation (3)

B
AP

),,( gba

B
AR

p

rA

AO

AX

AZ

AY

B
AP

rB

BX

BZ

BY

AO

Spatial relation between

and

B
A

rB
A

r PBRA +=

rBrA

AX

AZ

AY
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Volume Reconstruction–
Transformation (5)
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Volume Reconstruction–
Transformation(6)

� Role of Transformation

� :

� derived directly from the position 
sensor readings

� :

� set as required for each examination

� :

� needs to be determined by calibration

R
TT
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T
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[Prager et al.]
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Calibration Phantoms—what is 
Phantom• The main characteristic

– Built in or placed in a container that is filled with a coupling medium 
for US imaging

Nylon strings

4 rubber
windows

A piece of Lego to attach different phantoms
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Calibration Phantoms
several existing calibration 
techniques
� Cross-wire phantom

� Three-wire phantom

� Single-wall phantom

� Cambridge phantom



CAMP  |  Department of Computer Science  |  Technis che Universität München | 22 December 2005 34

Chair for Computer Aided Medical Procedures & Augme nted Reality |    wwwnavab.cs.tum.edu

Calibration Phantoms 
techniques (1)

� Two intersecting wires are mounted in a water bath

� With the transmitter placed at some fixed location with respect to the wires

� Place the origin of C at the intersection of the wires

� Simplifies the calibration equations
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B-scans

Cross-wire phantom

[Prager et al.]

Calibration equation
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Three-wire phantom
� Three wires are accurately mounted in orthogonal directions
� Place the coordinate system C at the origin of the wires and orient the 

x,y,z axes along the wires
� The accuracy of calibration depends on the orthogonality, straightness 

and stationarity of the wires 
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Calibration Phantoms 
techniques (2)
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[Prager et al.]
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� Calibration using the floor of the water bath alone

� The accuracy of the calibration depends on the flatness and 
stationarity of the floor

� No need to construct a special phantom 

��
�
�
�

�

�

��
�
�
�

�

�

=

��
�
�
�

�

�

��
�
�
�

�

�

1

0

1

0

vS

uS

TTT
y

x

y

x

P
R

R
T

T
C

Single-wall 
phantom (1)

B-scans

Calibration Phantoms 
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[Prager et al.]

Calibration equation
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Single-wall phantom 
(2)

� Minimal sequence of motions

� All six degrees of freedom must be exercised to identify the 
11 parameters

Calibration Phantoms 
techniques (4)

[Prager et al.]
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Single-wall 
phantom (3)

� Beam thickness problem

� Scanning from oblique angles

� The finite beam thickness 
results in a blurred image of the 
surface

� The echo from point B produces 
a response in the ultrasound 
image which does not reflect the 
true position of the wall 

Scan plane is not normal 
to the wall 

Calibration Phantoms 
techniques (5)

[Prager et al.]
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Cambridge 
phantom(1)

• Designed to overcome the 
difficulties experienced with 
planar calibration

• Consists of two parts:
– A clamp that fixes around the 

probe

– A thin brass bar mounted 
between two circular disks

• Idea:
– The clamp constrains the thin 

bar to move only in the centre 
of the ultrasound beam

• Accurate calibration requires a 
minimal sequence of motions

Calibration Phantoms 
techniques (6)

[Prager et al.]



CAMP  |  Department of Computer Science  |  Technis che Universität München | 22 December 2005 40

Chair for Computer Aided Medical Procedures & Augme nted Reality |    wwwnavab.cs.tum.edu

Cambridge 
phantom(2)

B-scans

Calibration Phantoms 
techniques (7)

[Prager et al.]
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Calibration Phantoms--
Parameters
Calibration Equation
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Identifiable 
parameters

f : Vector of parameters

‘-’ :  not identifiable

Calibration Phantoms 
techniques (8)

Coordinate system C can be at 
any orientation and still satisfy
the calibration equation
� Three orientation angles

are not identifiable

Rotation of the floor about the z-axis(� ) 
and translation of the floor in it’s own plane(x,y)
� Do not affect the z-component of Cx
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Typical B-scans of 
calibration phantoms

Calibration Phantoms 
techniques (9)

[Prager et al.]

point line detected more easily 
than points
� using Edge-
detection 
automatically

Extracted by hand 
in each B-scan
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Volume 
Reconstruction (1)
• Cross-wire phantom

Calibration Phantoms 
techniques (10)

[Prager et al.]

A slice through the 
voxel array at the 
location shown on 
the left
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Reconstruction 
(2)• Three-wire phantom

Calibration Phantoms 
techniques (11)

[Prager et al.]

Three wires appear 
as sharp dots
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Volume 
Reconstruction (3)• Single-wall phantom

Calibration Phantoms 
techniques (12)

[Prager et al.]

Flatness of the floor 
is evident
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Volume 
Reconstruction (4)
• Cambridge phantom

Calibration Phantoms 
techniques (13)

[Prager et al.]

Flatness of the plane 
is evident
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A novel method for ultrasound 
probe calibration
� Description

� Calibration setup and protocol (build the experiment model)

� Experiments and results

� Precision assessment for the calibration 

� Comparison with the other techniques
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Description

� A position sensor is attached to the probe for tagging each 
image/volume with its position and orientation in space 

� based on closed-form formulation and 

� using minimal US imaging allowing for an immediate result
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Closed-form formulation (1)
• With two motions of the US probe
• A1, A2

– Transformations of US image 
coordinate system (P) with respect 
to the reconstruction coordinate 
system (C) at poses 1 and 2

• Transformation frame A

• B1,B2

– Tracking device readings for the 
sensor frame (R) with respect to 
tracker reference frame (T) at 
poses 1 and 2

• Transformation frame B

1
12
-= AAA
1

12
-= BBB
[Viswanathan et al.]
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Closed-form formulation (2)

1
12
-= AAA 1

12
-= BBB

XBAX =

Homogeneous matrix equation

• A: is estimated
– Recovered using a calibration phantom to determine A1 and A2

– Or recovered directly from registering US image 2D to a prior 3D
model for the object being scanned

• B: is assumed to be known
• X: the unknown transformation between P and R

[Viswanathan et al.]
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Closed-form formulation (3)
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The estimated US image frame motion: A

Ra: rotation of US image frame between pose 1 and 2

� unknown scale factor vector that relates the 
translation        in voxel space to US image frame 
translation        (in mm) 

au
at

l
l
l
l

l
l
l

ua

z

y

x

az

ay

ax

azz

ayy

axx

a D

u

u

u

u

u

u

t =
�
�
�

�

�

�
�
�

�

�
×

�
�
�

�

�

�
�
�

�

�
=

�
�
�

�

�

�
�
�

�

�
=

00

00

00

[Viswanathan et al.]
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Closed-form 
formulation (4)

[Viswanathan et al.]
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Closed-form 
formulation (5)

bxxa RRRR =

[Viswanathan et al.

Andreff et al.]

xbxa RRRR =- 1

From                            

)()()( DvecECCDEvec TÄ=

Rewrite (1) and (2)
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1
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From a fundamental property of Kronecker product
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Kronecker product:
If A is an m-by-n matrix and B is a p-by-q matrix,
then the Kronecker product A � B is the mp-by-nq
block matrix
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T
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Rb is a orthogonal matrix (square matrix) 
whose transpose is its inverse 

Idea:
1. Sylvester equation UX + XW = T
2. Our model: AX = XB
3. Formulate Sylvester equation to a linear system

proved:                                                     (Hussein et al.))()()( TvecXvecWIIU =Ä+Ä
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t
b DtRIRvectI
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Closed-form formulation (6)
0)())(( =Ä- xba RvecRRI

0)()()( 33 =--+Ä luxax
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Transfer AX=XB into a 
homogeneous linear system

)()()( xxba RvecRvecRR =Ä

� Solution 

� First extract the rotation and then solve for the translation and scale

� Literature from [Andreff et. al]: “Robot Hand-Eye Calibration using structure-
from-motion”

� Proved: two independent motions with non-parallel axes is sufficient to 
recover a unique solution for AX=XB 
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Calibration setup and protocol (1) 
� Use SONOLINE Antares US scanner(Siemens Medical Solutions ,USA) with 

a Siemens VF 10-5 linear array probe

� Held in a rigid attachment mounted on an adjustable arm

� Adjust the spatial position of the tracked US probe to image the phantom

� Multiple optical markers were attached to the probe holder (for tracking) 

� Calibration phantom was submerged in a transparent plastic water tank

[Viswanathan et al.]
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Calibration setup and protocol (2) 
� Features:

� Consisted of three identical thin(4mm) plastic plates of irregular shape

� Plates are machined together to ensure their congruency

� Plates are positioned on a flat surface and fixed in place using Lego blocks 
and permanent glue for support

[Viswanathan et al.]
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Calibration setup and protocol (3) 
� Images acquisition 

� Using an optical pointer to collect 3D 
points of each of the plates for offline 
processing.

� The pointer was pivoted to obtain an 
accurate estimate of the desired 3D 
point

� The poses of the three plates was 
carefully arranged to give the optimal 
results for the two motions: 

Optical pointer

3D points Local coordinate system
(each thin plate)

registered

Relative transformation
(between each pair of plates)

T

T

T

calculate

BXAX =

[Viswanathan et al.]
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Calibration setup and protocol (4) 
� US probe calibration

� Computing A1, A2 first by locating 
important points of the plates in the 
US images

� Use 2 protocols

� Then compute the relative 
transformation between the plates 
using an optical digitizer

� Use 2 protocols

� Move US tracked probe such that the 
probe is parallel to the thin plate and 
the image plane of US images shows 
the middle of the thin plate

� Apply the same protocol, but collect 
multiple tracking data from one end of 
the thin plate to the other end and 
using an averaging technique to find 
the “center” of the thin plate.

[Viswanathan et al.]
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Calibration setup and protocol (5) 
� US images

� Sharp contours of the plates
� Compute the rotation of the 

plate within the plane of the 
US

� Needed data sets
� Three sets of tracking and US 

image data are sufficient to 
solve the mathematical 
formulation

� Additional 3 sets of data(48 
datasets) will produce 
comparable results to previous 
calibration 

[Viswanathan et al.]
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Experiments and results (1)
� Methods

� Using the generated simulation data

� Add the artificial noise to the data points
� to mimic the error of the tracker 
� And account for the effects of ultrasound image properties

� Protocol
� Random choice of the missing transformation X
� A sequence of probe motions is chosen

� from the unknown transformation X, the ultrasound image motion 
can be deduced

� Different levels of white noise are added 
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Experiments and results (2)
� Results (1)

� The algorithm was executed to recalculate the X transformation 
under different noise conditions

Average error and standard deviation of the recovered translation vector for different calibration sequences

[Viswanathan et al.]
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Experiments and 
results (3)� Results (2)

� Check the repeatability of the calibration setup 
and the phantom’s performance

� Gathered data using a tracked ultrasound 
probe

� Real US data was acquired in 2 poses for each 
of the calibration plates

� Tested on 48 unique combinations of 6 
different poses (two poses per plate)

� Standard deviation reflects the repeatability of 
this method

Average pose and deviation of the recovered calibration matrix using the thin plate calibration phantom with AX=BX method

Roll, Pitch, Yaw : These represent a rotation about the X,Y, and Z axes, 

Roll Pitch 

Yaw 

[Viswanathan et al.]

[www.nasm.si.edu.]
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� Results (2)

� Right after the data collection, the 
calibration algorithm executes almost 
immediately

� The major source of expected error
� The misalignment of the ultrasound 

probe to the plane of the thin plate

� Solution:  addition of the docking station 

Experiments and 
results (4)
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Reconstruction precision assessment 
for the calibration � Based on 3D reconstruction of the cross 

wire

� Basic idea:
� check how precise the calibration matrix 

would reconstruct all the cross wire points 
gathered from different insonification
(Irradiation with sound) angles into a fixed 
point in space

� Measure the change in the position (relative 
to the position sensor’s transmitter) of the 
cross observed from two different 
viewpoints

� Standard deviation of the point

� reflects the uncertainty in the calibration 
matrix as well as the manual extraction of 
the cross wire points 

No. observations : 52 images             X             Y        Z
Std. dev. (mm)                                  0.78        0.96 1.37                   

[Viswanathan et al.]

Reconstruction accuracy setup, acquiring 52 
cross wire images from different angles

Cross was observed from different viewpoints, 
covering a range of insonification angles and 
depths
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Comparison with the other 
Techniques Reconstruction precision 

and  accuracy.

[Mercier et al.]
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Development and 
Discussion

� Development

� Developing a simple 
probe holder that will 
dock into the thin plates 
in a predefined manner 

� It will guarantee correct 
alignment between the 
probe and the plates

� Discussion
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Thank You
Merry Christmas
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