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1 Supplementary Note 1: Landmark Registration

Landmark registration aligns a set of measured 3-D points with their corresponding ground-truth
(GT) points to determine the rigid transformation between two coordinate systems. This method
is central to IGS, where precise alignment ensures that surgical instruments and patient anatomy
share a consistent spatial frame of reference.

We employ a point–based registration strategy using the Orthogonal Procrustes method [39].
The aim is to find a rotation matrix S ∈ SO(3) and a translation vector d ∈ R3 that minimise the
difference between corresponding points in the measured and GT sets. Suppose Nf fiducial points
are available. The Fiducial Registration Error (FRE) is the root-mean-square distance between
corresponding fiducials after alignment:

FRE =

√√√√ 1

Nf

Nf∑
i=1

∥∥xGT
i −

(
S xmeas

i + d
)∥∥2 (1)

To determine S and d, the measured and GT point sets are first translated so that their centroids
lie at the origin. Denote those centroids by x̄meas and x̄GT. After centring, the covariance matrix
is

G =

Nf∑
i=1

(xmeas
i − x̄meas)(xGT

i − x̄GT)⊤. (2)

Applying Singular Value Decomposition (SVD) to G,

G = U ΣV⊤,

the optimal rotation is

S = V U⊤.

If det(S) < 0 the final column of V is negated to prevent a reflection. The translation that
relates the two centroids is

d = x̄GT − S x̄meas.

With S and d fixed by the fiducials, we validate the transformation on a separate set of Nt

target points. The Target Registration Error (TRE) is

TRE =

√√√√ 1

Nt

Nt∑
j=1

∥∥yGT
j −

(
S ymeas

j + d
)∥∥2. (3)

The same transformation can be applied to a measured trajectory {pmeas
1 , . . . , pmeas

Np
} to obtain

ptransi = S pmeas
i + d, i = 1, . . . , Np.

For each transformed point ptransi we locate its nearest neighbour qGT
i in the GT trajectory TGT:
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qGT
i = q∈TGT

∥∥ptransi − q
∥∥.

The trajectory TRE is then

TREtraj =

√√√√ 1

Np

Np∑
i=1

∥∥ptransi − qGT
i

∥∥2.
Nearest-neighbour matching compensates for any temporal offset between the measured and

GT trajectories, ensuring that spatial correspondence is preserved even when the two are sampled
at different rates.

2 Supplementary Note 2: Noise Profiling

To compare the performance of our adaptive Kalman filter with a constant velocity Kalman filter
using static covariance matrices, we first conduct a noise profiling procedure. The procedure allows
us to estimate the static measurement noise covariance matrices Ri for each camera and the process
noise covariance matrix Q for the non-adaptive filter.

The noise profiling involves collecting a series of pose measurements while the surgical instru-
ment is held stationary at L distinct workspace locations indexed by ℓ = 1, . . . , L. At every location
we record T = 30 consecutive pose estimates from each active camera i ∈ {1, . . . , N}. The sample
variance of those poses gives the location–specific measurement covariance

Rℓ,i = Var
(
yτ,i

∣∣ τ = 1, . . . , T
)
, (4)

where yτ,i is the pose returned by camera i on frame τ while the instrument is fixed at location ℓ.
We then compute the average measurement noise covariance for each camera across all sampled

positions:

R̄i =
1

L

L∑
ℓ=1

Rℓ,i, (5)

which serves as the static measurement noise covariance matrix for camera i in the non-adaptive
Kalman filter.

To formulate the static process noise covariance matrix Q, we calculate the average of the R̄i

matrices across all cameras:

Q =
1

N

N∑
i=1

R̄i, (6)

where N is the total number of cameras. This approach ensures that Q reflects the average noise
characteristics across the entire system.

Beyond tuning the static covariance matrices for the non-adaptive Kalman filter, this procedure
provides valuable insights into the spatial distribution of measurement noise within the workspace.
By analyzing the norms of the covariance matrices Rℓ,i, we generate heatmaps illustrating the noise
profile for each camera at different positions. The Frobenius norm of each Rℓ,i matrix is computed
as ∥∥Rℓ,i

∥∥
F

=
√

Tr
(
Rℓ,iR

⊤
ℓ,i

)
. (7)
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This norm provides a single scalar value to represent the overall noise level for each camera at
each position. Supplementary Figure 1 shows the spatial distribution of noise across all measured
positions for one of our experimental trials.

By employing this noise profiling procedure, we ensure that the static Kalman filter is opti-
mally configured for our experimental conditions, providing a fair baseline for comparison with our
adaptive Kalman filter. Moreover, the insights gained can guide adjustments to lighting, camera
placement, and calibration to enhance measurement precision. In the OR, technicians can swiftly
perform this procedure prior to surgery to ensure camera setups meet precision requirements, min-
imizing tracking variability.
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3 Supplementary Figures 1-26:

Supplementary Figure 1: Spatial distribution of the norm of the measurement noise covariance
matrices Rℓ,i for each camera across all measured positions.
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P/N Part Name Sub Assy DWG # OTS or Manufactured Supplier Supplier Part ID Web Link to Product Quantity Total Cost ($CAD) Delivery Time Raw Material Manufacturer Manufacturing Time Manufacturing Cost Notes

1 Instrument Handle Surgical Pointer 4 3D-Printed N/A N/A N/A 1 21.40 N/A PLA Plastic Ultimaker S5 8 Business Days N/A
Total Cost: Estimated by multiplying part volume (5.35x10^5 mm^3) with PLA price rate ($0.04 CAD/cm^3). 
Mfg Time: It takes 1 day to print 2 distinct parts (e.g. one fixture section and one camera mount on the same 

print), it will take 8 business days to 3D-print all 16 parts.

2 Static Reference N/A 5 3D-Printed N/A N/A N/A 1 46.40 N/A PLA Plastic
Group X using NIST lab printer
(Lab has sufficient PLA stock)

8 Business Days N/A
Total Cost: Estimated by multiplying part volume (1.16x10^6 mm^3) with PLA price rate ($0.04 CAD/cm^3). 
Mfg Time: It takes 1 day to print 2 distinct parts  (e.g. one fixture section and one camera mount on the same 

print), it will take 8 business days to 3D-print all 16 parts.

3 Camera Mount Camera 7 3D-Printed N/A N/A N/A 5 8.58 N/A PLA Plastic
Group X using NIST lab printer
(Lab has sufficient PLA stock)

8 Business Days N/A
Total Cost: Estimated by multiplying part volume (42917 mm^3) with PLA price rate ($0.04 CAD/cm^3). Mfg 

Time: It takes 1 day to print 2 distinct parts  (e.g. one fixture section and one camera mount on the same print), 
it will take 8 business days to 3D-print all 16 parts.

4 Fixture Section Rear Rear Section 10 3D-Printed N/A N/A N/A 1 16.16 N/A PLA Plastic
Group X using NIST lab printer
(Lab has sufficient PLA stock)

8 Business Days N/A
Total Cost: Estimated by multiplying part volume (4.04x10^5  mm^3) with PLA price rate ($0.04 CAD/cm^3). 
Mfg Time: It takes 1 day to print 2 distinct parts (e.g. one fixture section and one camera mount on the same 

print), it will take 8 business days to 3D-print all 16 parts.

5 Fixture Section Front/Rear Right Front/Rear Right Section 11, 12 3D-Printed N/A N/A N/A 2 32.32 N/A PLA Plastic
Group X using NIST lab printer
(Lab has sufficient PLA stock)

8 Business Days N/A
Total Cost: Estimated by multiplying part volume (4.04x10^5  mm^3) with PLA price rate ($0.04 CAD/cm^3). 
Mfg Time: It takes 1 day to print 2 distinct parts (e.g. one fixture section and one camera mount on the same 

print), it will take 8 business days to 3D-print all 16 parts.

6 Fixture Section Rear Left Rear Left Section 13, 14 3D-Printed N/A N/A N/A 1 16.16 N/A PLA Plastic
Group X using NIST lab printer
(Lab has sufficient PLA stock)

8 Business Days N/A
Total Cost: Estimated by multiplying part volume (4.04x10^5  mm^3) with PLA price rate ($0.04 CAD/cm^3). 
Mfg Time: It takes 1 day to print 2 distinct parts (e.g. one fixture section and one camera mount on the same 

print), it will take 8 business days to 3D-print all 16 parts.

7 Fixture Section Side Front Side Front Section 15 3D-Printed N/A N/A N/A 2 32.32 N/A PLA Plastic
Group X using NIST lab printer
(Lab has sufficient PLA stock)

8 Business Days N/A
Total Cost: Estimated by multiplying part volume (4.04x10^5  mm^3) with PLA price rate ($0.04 CAD/cm^3). 
Mfg Time: It takes 1 day to print 2 distinct parts  (e.g. one fixture section and one camera mount on the same 

print), it will take 8 business days to 3D-print all 16 parts.

8 Fixture Section Side Side Section 16, 17 3D-Printed N/A N/A N/A 2 32.32 N/A PLA Plastic
Group X using NIST lab printer
(Lab has sufficient PLA stock)

8 Business Days N/A
Total Cost: Estimated by multiplying part volume (4.04x10^5 mm^3) with PLA price rate ($0.04 CAD/cm^3). 
Mfg Time: It takes 1 day to print 2 distinct parts (e.g. one fixture section and one camera mount on the same 

print), it will take 8 business days to 3D-print all 16 parts.

9 USB  Power Supply Cover Rear Left Section 18 3D-Printed N/A N/A N/A 1 0.13 N/A PLA Plastic
Group X using NIST lab printer
(Lab has sufficient PLA stock)

8 Business Days N/A
Total Cost: Estimated by multiplying part volume (3134 mm^3) with PLA price rate ($0.04 CAD/cm^3). Mfg 

Time: It takes 1 day to print 2 distinct parts  (e.g. one fixture section and one camera mount on the same print), 
it will take 8 business days to 3D-print all 16 parts.

10 Ethernet Switch Cover Rear Section 19 3D-Printed N/A N/A N/A 1 0.13 N/A PLA Plastic
Group X using NIST lab printer
(Lab has sufficient PLA stock)

8 Business Days N/A
Total Cost: Estimated by multiplying part volume (3134 mm^3) with PLA price rate ($0.04 CAD/cm^3). Mfg 

Time: It takes 1 day to print 2 distinct parts  (e.g. one fixture section and one camera mount on the same print), 
it will take 8 business days to 3D-print all 16 parts.

11 Raspberry Pi Model 4/1GB
Front/Rear Right Section, Side 

Section,  Rear Left Section
N/A OTS PiShop 1GB-9002

https://www.pishop.ca/prod
uct/raspberry-pi-4-model-b-

1gb/
5 244.75 1 Business Day N/A N/A N/A N/A Alternative if out of stock: https://www.canakit.com/raspberry-pi-4.html

12 Raspberry Pi Global Shutter Camera Camera N/A OTS PiShop 2103-1

https://www.pishop.ca/prod
uct/raspberry-pi-global-

shutter-
camera/?src=raspberrypi

5 350.00 1 Business Day N/A N/A N/A N/A

13 Arducam CS-Mount 6mm Lens Camera N/A OTS Uctronics LN040

https://www.uctronics.com/l
ens/cs-mount-lens/arducam-

lens-for-raspberry-pi-high-
quality-camera-ln029.html

5 161.29
4-7 Business

Days
N/A N/A N/A N/A

14 D-Link 8 Port Gigabit Ethernet  Switch Rear Left Section N/A OTS Amazon ‎DGS-108GL

https://www.amazon.ca/dp/B
08W3RYNSR/?coliid=I1K0CR
86BY0ZEJ&colid=RNBD9HX9
S3K4&psc=1&ref_=cm_sw_r_

1 34.99 1 Business Day N/A N/A N/A N/A

15 ALITOVE 5V 15A Power Supply Adapter Rear Section N/A OTS Amazon ‎ALT-0515

https://www.amazon.ca/ALIT
OVE-Transformer-Converter-

5-5x2-1mm-100V-
240V/dp/B01LXN7MN3?th=1

1 33.99
2 Business

Days
N/A N/A N/A N/A

Alternative USB Power Supply: https://www.amazon.ca/Anker-Family-Sized-Desktop-Charger-
Technology/dp/B00QTIQ21I/ref=asc_df_B00QTIQ21I/?tag=googlemobshop-

20&linkCode=df0&hvadid=312701813721&hvpos&hvnetw=g&hvrand=16718876108775184369&hvpon
e&hvptwo&hvqmt&hvdev=m&hvdvcmdl&hvlocint&hvlocphy=9000431&hvtargid=pla-

16 300V AC/300V DC Terminal Block Rear Section N/A OTS McMaster 7527K54
https://www.mcmaster.com/

7527K54/
1 12.02 1 Business Day N/A N/A N/A N/A

17
M2.5 x 0.8 mm + 5 mm Thread Length Male-Female Brass 

Hex  PCB Motherboard Spacer Standoff
Camera N/A OTS Amazon a19111800ux0458

https://www.amazon.ca/uxce
ll-M2-5x8mm-Male-Female-

Motherboard-
Quadcopter/dp/B08F2LBCC

40 16.99 2-4 Weeks Brass N/A N/A N/A Purchase 1 pkgs of 100 units.

18
Heat-Set Inserts for Plastic

Brass, M2.5 x 0.45 mm, 5.9 mm Installed Length

Front/Rear Right Section, Side 
Section,  Rear Left Section, 

Camera
N/A OTS McMaster 94459A439

https://www.mcmaster.com/
94459A439/

40 25.59 1 Business Day Brass N/A N/A N/A Purchase 2 pkgs of 25 units.

19
Brass Tapered Heat-Set Inserts for Plastic

M5 x 0.8 mm Thread Size, 6.7 mm Installed Length
All Ring Section Assemblies N/A OTS McMaster 94180A361

https://www.mcmaster.com/
94180A361/

70 42.12 1 Business Day Brass N/A N/A N/A Purchase 2 pkgs of 50 units.

20
316 Stainless Steel Pan Head Phillips Screws

M2.5 x 0.45 mm Thread, 6mm Long

Front/Rear Right Section, Side 
Section,  Rear Left Section, 

Camera
N/A OTS McMaster 90116A110

https://www.mcmaster.com/
90116A110/

40 14.95 1 Business Day
Stainless

Steel
N/A N/A N/A Purchase 1 pkg of 100 units.

21
316 Stainless Steel Pan Head Phillips Screws

M5 x 0.80 mm Thread, 8mm Long
All Ring Section Assemblies N/A OTS McMaster 90116A248

https://www.mcmaster.com/
90116A248/

20 16.11 1 Business Day
Stainless

Steel
N/A N/A N/A Purchase 1 pkg of 25 units.

22
316 Stainless Steel Pan Head Phillips Screws

M5 x 0.80 mm Thread, 10mm Long
All Ring Section Assemblies N/A OTS McMaster 90116A250

https://www.mcmaster.com/
90116A250/

50 16.70 1 Business Day
Stainless

Steel
N/A N/A N/A Purchase 1 pkg of 50 units.

23
304 Stainless Steel Pan Head Phillips Screws

M5 x 0.80 mm Thread, 40mm Long
Camera Mount N/A OTS Amazon B0DBQRW8T1

https://www.amazon.ca/uxce
ll-M5-0-8x40-Phillips-

Fasteners-
Stainless/dp/B0DBQRW8T1?

5 14.94
2 Business

Days
Stainless

Steel
N/A N/A N/A Purchase 1 pkg of 20 units.

24
Low-Profile Hold-Down Toggle Clamp

Open Arm, Steel, 360 lbs. Holding Capacity
Front/Rear Right Section, Rear 

Left Section
N/A OTS McMaster 5128A85

https://www.mcmaster.com/
5128A85/

3 64.11 1 Business Day Steel N/A N/A N/A

25 Boye 10" Aluminum Single Point Knitting Needles, Size 9 Pointer N/A OTS Amazon B000QHFD5Y

https://www.amazon.ca/10-
Inch-Aluminum-Single-

Knitting-
Needles/dp/B000QHFD5Y/ref

1 6.11 1 Business Day Aluminum N/A N/A N/A Purchase 1 pkg of 2 units.

Total Before Tax ($CAD) 1260.58

Total After Tax  ($CAD) 1449.67

OVERTURE,‎“Filament‎1.75mm‎pla‎3d‎printer‎filament,‎dimensional‎accuracy‎+/-‎0.02‎mm,‎1‎kg‎spool,‎1.75‎
mm,‎pla‎black‎3d‎printing‎material.”‎https://www.amazon.ca/Filament-Dimensional-Accuracy-Printing-

Material/dp/B08JTVQ116/. Accessed: 2023-12-01.
Reference for PLA rate:

Supplementary Figure 2: Bill of Materials for LARK Tracking System.
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Supplementary Figure 10: Camera Mount Top Technical Drawing.
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Supplementary Figure 11: Camera Mount Bottom Technical Drawing.
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Supplementary Figure 14: Fixture Section Front/Rear Right (2/2) Technical Drawing.
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Supplementary Figure 15: Fixture Section Rear Left (1/2) Technical Drawing.
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Supplementary Figure 16: Fixture Section Rear Left (2/2) Technical Drawing.
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Supplementary Figure 17: Fixture Section Side Front Technical Drawing.
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Supplementary Figure 18: Fixture Section Side (1/2) Technical Drawing.
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Supplementary Figure 19: Fixture Section Side (2/2) Technical Drawing.
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Supplementary Figure 20: USB Power Supply Cover Technical Drawing.
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Supplementary Figure 21: Ethernet Switch Cover Technical Drawing.
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Supplementary Figure 22: Rear Section Assembly Drawing.
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Supplementary Figure 23: Front/Rear Right Section Assembly Drawing.
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Supplementary Figure 24: Rear Left Section Assembly Drawing.
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Supplementary Figure 25: Side Front Section Assembly Drawing.
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Supplementary Figure 26: Side Section Assembly Drawing.
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