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SUMMARY
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PROJECT DURATION/DUREE DU PROJET : July 1, 2016 to June 30, 2021
STATUS/STATUT: (Milestones to be updated by each Project Leader)

PROJECT DESCRIPTION/ DESCRIPTION DU PROJECT
(Brief description in point form, including role of project in Theme.)

Digital machining builds on machining process models. All such models require as input the information on how the
cutter intersects the part to quantify the material being removed. Accurate and efficient determination of cutter-
workpiece engagement (CWE) is, thus, one of the critical system modules for reliable and fast machining simulation.
CWE is defined as the instantaneous contact area between the cutter and in-process workpiece. It bridges the
geometric model of the workpiece with the physical models of the cutting process and machine tool. The overall
objective of theme | is to significantly broaden the application and uptake of digital machining technologies. Existing
CWE determination methods are able to generate accurate results at the expense of extensive computational time.
This adversely affects the practical applicability of these methods. This project aims to greatly reduce the CWE
computational load for general machining processes in order to facilitate widespread application of digital machining.

PROJECT OBJECTIVES & METHODOLOGY/ OBJECTIFS DU PROJET & METHODOLOGIE
(Include alignment with Network objectives.)

This project is to develop a new multi-resolution voxel based geometric modeling method that targets much more
efficient computation of the instantaneous CWE for general milling processes. The difficulty and challenge in
determining the CWE on the cutter are mainly due to the changing geometry of the in-process workpiece and multi-
axis cutter movements. The proposed geometric modeling scheme features a much reduced model size. More
importantly, a new concept based on slicing the surface voxels will be developed to maintain the desired modeling
accuracy, with only very minor increase in the model size. Frequent intersection calculations to determine the CWE
will be replaced by a mechanism for tracking the common surface voxels between the cutter and workpiece, thereby
streamlining the in-process workpiece update computation. The research will initially target general milling processes
applicable to any cutter type, any cutter orientation, and any tool path (even with self-intersections). Upon successful
implementation and validation, the new CWE calculation method will be deployed within the Network to streamline the
simulation of other complex machining processes that are being studied.
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1. RESEARCH TEAM/ EQUIPE DE RECHERCHE
(Summary for the current reporting period)

la: Research Personnel (Supervisors, Co-Supervisors, Collaborators)/

Personnel de recherche

E-mail/Courriel Phone No./

Name, given name/
Nom., prénom

Organization/
Organisation

Sup./Co-Sup./
Collaborator

Téléphone

Feng, Hsi-Yung (Steve)

uBC

Supervisor

feng@mech.ubc.ca

604-822-1366

Engin, Serafettin

P&WC

Collaborator

Serafettin.Engin@pwc.ca

1b:

Students, Postdoctoral Fellows, Research Assist./

Assoc./Eng., Technical/Professional, Guests (from outside Québec; from outside Canada)/
Etudiants, Boursier de recherches postdoctorales, assistants, techniciens et invites

(invite hors Québec; hors Canada)

Name, given name/ Position | Organization/| Name/Nom. | Start/ End/ Fin CANRIMT | Extern. | Extern
Nom., prénom Organisation | (S) or /ou (C)* Début Salary/Mo | funding | funding
incl ben. amount | source
Joy, Jimin PhD UBC Feng (S) 7/1/2016 | 8/31/2017 | $1,833
Nie, Zhengwen PhD UBC Feng (S) 9/1/2017 $2,000
*(S) — Supervisor
(C) = Co-Supervisor
TOTAL # | BASc | MASc/ Ph.D. PDF Res. Res. Res. Tech./ | Guests/ Guests/
M.Eng. Asst. Assoc. | Eng. Prof. outside outside
Québec Canada
2 2
1c: Partners & Contributions/
Partenaires et Contributions
Organization / Acronym/ Contact Cash/ In-Kind/ Overhead/ | Total
Organisation Acronyme Espece Nature Frais
généraux
Pratt & Whitney P&WC Engin, $7,500 $2,500 $10,000
Canada Serafettin
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2. RESEARCH PLAN FOR THE CURRENT PERIOD/PLAN DE RECHERCHE POUR
LA PERIOD ACTUELLE (Please list both the technical objectives, methodologies and milestones as stated in the
previous report.)

Milestone 1: Literature review
o0 Review general machining simulation literature and existing methods on CWE determination. (Jan 17)

0 Continue the review of existing machining simulation literature as well as studies on volumetric
modeling using sparse voxel representation. (Jun 17)

0 Existing methods to determine CWE and their applications in machining simulation have been
reviewed by J. Joy (the Ph.D. student graduated in September 2017). The continuing Ph.D. student, Z.
Nie, is completing his Ph.D. course requirement and review of the relevant literature on CWE. (Apr 18)

0 The continuing Ph.D. student, Z. Nie, will complete his Ph.D. Qualifying Exam and keep reading the
relevant literature on CWE. (Oct 18)

0 Z. Nie will complete his Ph.D. course requirement and read the relevant literature on volumetric
modeling using voxels. (Apr 19)

0 Z. Nie will keep reading relevant literature on voxels and how to determine surface voxels of common
milling tool shapes. (Oct 19)

Milestone 2: Multi-resolution and sliced surface voxel modeling
o Start formulating the coarse-fine sparse voxel representation format. (Jan 17)

0 Conduct the detailed formulation of the in-process workpiece geometry by the proposed coarse-fine
sparse voxel representation format. (Jun 17)

0 Model the in-process workpiece geometry via the sliced surface voxel model. Generate the triangle
mesh representation of the in-process workpiece geometry from the sliced surface voxel model. (Oct
17)

Milestone 3: Efficient sliced surface voxel update algorithm development

o Preliminary study on updating the sliced surface voxel model in order to derive the model features
needed to robustly create an accurate triangle mesh representation of the in-process workpiece
geometry. (Oct 17)

Milestone 4. CWE determination and mapping

0 A preliminary fast CWE determination method using basic voxel modeling will be proposed. (Oct 18)

0 The proposed preliminary fast CWE determination method using basic voxel modeling will be
implemented and evaluated. (Apr 19)

o0 Continue the development and improvement of the proposed preliminary fast CWE determination
method using basic voxel modeling. (Oct 19)

3. ALIGNMENT OF RESEARCH PROJECT WITH NETWORK OBJECTIVES/

ALIGNEMENT DU PROJET DE RECHERCHE AVEC LES OBJECTIFS DU RESEAU
( Please comment on the alignment of the research project with the overall Network objectives.)

The Network research objectives are primarily to develop virtual machining simulation technologies. Such
simulation needs to consider not only machining kinematics but also cutting mechanics and dynamics.
Efficient CWE computation is crucial for streamlining the physics-based virtual simulations, especially to
achieve real-time responsiveness as mandated by Industry 4.0. The speed of CWE estimation is still hindered
by the intensive geometric intersection calculations required in most mainstream methods. This project aims
to significantly reduce the computational load of determining the CWE along each machining tool path.
Reliable and efficient physical machining simulation can, thus, be achieved.
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4. PROBLEMS and RESOLUTIONS/ PROBLEMES ET SOLUTIONS PROPOSEES
( Please summarize any problems arising during the current reporting period and their resolution or plans for resolution.)

Problem/ Probléme: The continuing Ph.D. student, Z. Nie, of this project started his program in September 2017. He
spent most of his time in the first year taking courses and learning the computer programming environment that will
be needed to implement his developed computational methods.

Resolution / Résolution: To allow Z. Nie to properly progress through his Ph.D. program and realistically meet the
project milestones, the project end date has been adjusted to June 30, 2021 (instead of June 30, 2020).

5. RESEARCH PROGRESS and RESULTS/ PROGRES DE LA RECHERCHE et RESULTATS:
(Summarize progress and results below.)

ba: MILESTONES/ETAPES
Summarize progress on milestones — including % completed — as outlined in the Research Plan for the current
reporting period and any modifications since the last reporting period. (Milestones document also to be updated for
each project.)

MILESTONE/ ETAPE: Literature review

Progress:

Literature review on machining simulation studies and existing methods on CWE determination is being conducted. (Jan 17 by
J. Joy and Apr 18, Oct 18, Apr 19 by Z. Nie). Z. Nie completed his Ph.D. Qualifying Exam (Oct 18) and his Ph.D. course
requirement (Apr 19) at UBC. Z. Nie has been reviewing existing methods to determine surface voxels of common milling tool
shapes (Oct 19).

Existing methods on volumetric modeling using sparse voxel representation have also been studied (Jun 17).

Modifications: None

% Completed/ Rempli 90

MILESTONE/ ETAPE: Multi-resolution and sliced surface voxel modeling

Progress:
A preliminary model format for the machined workpiece using coarse-fine sparse voxel representation has been proposed. (Jan
17)
The detailed formulation of the coarse-fine sparse voxel representation was completed. (Jun 17)

Transform the sliced surface voxel model of the final machined workpiece geometry into a triangle mesh representation for
visualization was completed (Oct 17) and documented (Apr 18).

Modifications: None

% Completed/ Rempli 50

MILESTONE/ ETAPE: Efficient sliced surface voxel update algorithm development

Progress:
Preliminary work on updating the coarse-fine sparse surface voxel model has started. (Jun 17)
The model update work for the final machined workpiece geometry has been completed. (Oct 17)
Modifications: None

% Completed/ Rempli 10

MILESTONE/ ETAPE: CWE determination and mapping

Progress:
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A preliminary CWE determination method using basic voxel modeling has been proposed and formulated. (Oct 18)

CWE determination for simple linear end milling tool paths for a basic voxel model representation of a workpiece with simple
geometry has been implemented and compared with existing methods. (Apr 19)

A fast method to determine surface voxels of common milling tool shapes in 3-axis milling has been developed. (Oct 19)
Modifications: None

% Completed/ Rempli 25

5b: PUBLICATIONS and PRESENTATIONS/ PUBLICATIONS ET PRESENTATIONS

Please list all publications directly arising from Network-funded research during the current period. Do not include abstracts.

A: REFEREED CONTRIBUTIONS - ARTICLES
Include articles in refereed publications — please specify whether the article has been submitted (S), accepted (A) or published (P).

Last Name, Initial Year Title, Journal, Volume Status
Wang, Z., Chen, J. S.-S., Joy, J| 2018 “Machined Sharp Edge Restoration for Triangle Mesh Published
and Feng, H. Y. Workpiece Models Derived from Grid-Based Machining

Simulation,” Computer-Aided Design and Applications, Vol.
15, No. 6, pp. 905-915.

Joy, J. and Feng, H.Y. 2019 “Fast Update of Sliced Voxel Workpiece Models Using Accepted
Partitioned Swept Volumes of Three-Axis Linear Tool Paths,’
Engineering with Computers

B: REFEREED CONTRIBUTIONS - OTHER

Include papers in refereed conference proceedings, letters, notes, communications, review articles, monographs, books, book
chapters and government publications.

Last Name, Initial Year Description Status

Nie, Z. and Feng, H.Y. 2019 “Efficient Surface Voxel Identification of a Milling Cutter in Presented
Volumetric Model Based Machining Simulation,” 8th
International Conference on Virtual Machining Process
Technology, Vancouver, Canada, April 23-25, 2019.

Joy, J., Chen, J.S.S. and Feng, | 2018 “Memory-Efficient Multi-Level Voxel Representation for Presented
H.Y. Workpiece Models in Machining Simulation,” 7th Internationa
Conference on Virtual Machining Process Technology,
Hamilton, Canada, May 7-9, 2018.

Joy, J. and Feng, H.Y. 2017 “Fast and Accurate FSV-rep Workpiece Update for Planar Presented
Milling Operations with Linear Tool Paths,” 6th International
Conference on Virtual Machining Process Technology,
Montréal, Canada, May 29 - June 2, 2017.

C:. NON-REFEREED CONTRIBUTIONS
Include papers in non-refereed conference proceedings, papers, letters and review articles.

Last Name, Initial Year Description

Conference Title, Location and Date

D: SPECIALIZED PUBLICATIONS - PRESENTATIONS
Include theses, presentations, industrial/technical reports, internal reports, discussions of abstracts and symposium records.

Last Name, Initial Year Description

Joy, J. 2017 “Efficient and Accurate Geometric Simulation of Multi-Axis Milling
Operations,” Ph.D. Thesis, The University of British Columbia

E: PUBLICATIONS -
Not originally funded by NSERC CANRIMT but continuing or completed with Network funding
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Last Name, Initial Year Description/Title (include start date of NSERC CANRIMT funding)

Joy, J. and Feng, H.Y. 2017 “Efficient Milling Part Geometry Computation via Three-Step Update of
Frame-Sliced Voxel Representation Workpiece Model,” International
Journal of Advanced Manufacturing Technology, Vol. 92, No. 5-8, pp.
2365-2378. (Jointly funded by NSERC CANRIMT & Discovery)

Joy, J. and Feng, H.Y. 2017 “Frame-Sliced Voxel Representation: An Accurate and Memory-Efficient

Modeling Method for Workpiece Geometry in Machining Simulation,”
Computer-Aided Design, Vol. 88, pp. 1-13. (Jointly funded by NSERC
CANRIMT & Discovery)

F: PUBLICATIONS -

Not funded by NSERC CANRIMT but

related to the Network research focus

Last Name, Initial

Year

Description/Title

5c: PATENTS and LICENSES/ BREVETS ET LICENSES

Non-disclosure agreements signed, patent applications filed, patents issued, copyrights, licenses under negotiation, licenses

granted, etc.

Category

Owner

Description

US Patent Application No.
16335475

The University of British | “Geometric Modelling for Facilitating Simulation for
Columbia (Joy, J., Feng, | Manufacturing Operations,” filed on March 21, 2019.

H.Y. and Chen, J.S.S.)

5d: OTHER COMMUNICATIONS, AWARDS/ AUTRES COMMUNICATIONS, PRIX

Provide information on additional communications related to your work, such as awards and distinctions, news stories,
interviews, public forums, press releases, etc. for the current reporting period (please provide copies or links.)

Name, given name/ Details
Nom, prénom

Date Link or copy attached

6. TRAINING/ FORMATION

(Describe the extent of cross-network and partner involvement in training for the current reporting period.)

7. RESEARCH PLAN FOR NEXT 6 MONTHS/ PLAN DE RECHERCHE POUR LES 6 PROCHAINS
MOIS (Describe Planned Research Activities for the next 6 month period and include any modifications made during the

current reporting period.); also please list both the technical objectives and milestones.)

Milestone 1: Literature review

Z. Nie will complete his Ph.D. proposal exam. He will also keep reading relevant literature on how to
determine surface voxels of common milling tool shapes.

Milestone 4: CWE determination and mapping
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Extend the fast method of surface voxel determination for common milling tool shapes in 3-axis milling to
5-axis milling.

8. OPTIONAL — Comments, Questions and/or Feedback/
OPTION — Commentaires, questions et/ou des commentaires

Include any supplemental comments or questions pertaining to the Network here.

9. NETWORK EVENTS ATTENDED or SUGGESTIONS /
EVENEMENTS RESEAU ONT ASSISTE ou SUGGESTIONS

Please list any Network-related events attended and include comments and suggestions for events which may be helpful and
informative for Network members to attend in future.

Event Comments/Suggestions

H. Y. Feng and J. Joy attended the NSERC-
CANRIMT Annual General Meeting held
during VMPT 2017 in Montreal.

H. Y. Feng attended the NSERC-CANRIMT
Annual General Meeting held during VMPT
2018 in Hamilton.

H. Y. Feng and Z. Nie attended the NSERC-
CANRIMT Annual General Meeting held
during VMPT 2019 in Vancouver.
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Updates to project progress since last Progress Report:
Progress for the Past Reporting Periods
June 2017

A single uniform grid of voxel representation at the required resolution can enable the volume removal
operations at a computational cost independent of the model complexity, the cost is, however, much
affected by the grid resolution. For a grid resolution N, the number of voxels in the voxel space is N3. For a
model update, the number of voxels to be updated is of the order of O(N3). As a result, increasing the grid
resolution not only increases the memory requirement but also slows down the update of the single-level
voxel model. A multi-level voxel representation is, thus, employed to address this issue. The multi-level
representation uses more than one voxel grids of increasing resolution to subdivide the same modeling
space by a local finer grid within the voxels of coarser grid that need refinement. The multi-level sparse
surface voxel representation as depicted in the (right) figure below leads to memory usage efficiency and
potential efficiency in terms of the computational cost.

Voxel with id = 24 * N2 + yiq* N + x4
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Enumeration of a uniform voxel space Memory-efficient multi-level sparse voxel representation
October 2017

A new and effective method to achieve the fastest possible machining simulation speed for the final
machined workpiece geometry involving only three-axis linear tool paths has been developed. The method
builds on the regularized spatial grids of the coarse-fine voxel representation of the workpiece model. It
partitions the linear tool swept volume into a set of elemental regions, named as the swept volume regions
(SVRs) from the boundary representation of the swept volume and the voxel space for modeling the
workpiece. For the tested case studies, up to an order of magnitude faster computational performance has
been observed compared to the generic method of approximating the tool swept volume as a set of
sampled tool instances. The superior performance of SVRs can be attributed to its abilities to: (1) directly
identify the voxels that need to be updated; and (2) perform the involved intersection calculations via
formulations with closed-form solutions. In addition, the quality of the simulated machined surface is much
improved due to the use of non-approximated tool swept volumes.
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Sampled
Tool
Instances

SVRs

Partitioned tool swept volume (SVRS) Comparison of simulated workpiece surface quality
April 2018

During this reporting period, the continuing Ph.D. student, Z. Nie, was completing his Ph.D. course
requirement and review of the relevant literature on cutter-workpiece engagement determination. A
research paper was written and submitted for publication, which documented our previous development to
quickly generate 2-manifold triangle mesh representations from simulated machined workpieces modeled in
the sliced surface voxel format. Computational time is one of the main concerns in the practical application
of machining simulation technologies. In the submitted paper, a lookup table of 22 pre-defined frame-sliced
voxel shapes was derived and used to significantly reduce the computational load. The geometric
simplifications made to the machined workpiece model in order to enable the use of a limited humber of
pre-defined frame-sliced voxel shapes, were seen to be justifiable. Specifically, no missing geometric
details were noted on the machined surfaces of the simulated workpieces for the involved test cases as
shown in the figures below. As for the computational efficiency, the test results confirmed the superiority of
the 22-case lookup table against the conventional algorithmic method by a factor of 2.

Triangle mesh representations generated in typical machining test cases

October 2018

During this reporting period, the continuing Ph.D. student, Z. Nie, completed his Ph.D. Qualifying Exam at
UBC Mechanical Engineering. He continued to review the relevant literature on cutter-workpiece
engagement determination. A research paper was written and published, which documented our previous
development to restore machined sharp edges from chamfered edges on the machined workpiece model.
For discrete machining simulation methods such as the vector-grid based tri-dexel method and voxel-grid
based FSV-rep method developed in our group, the ideal sharp edge of intersection between two machined
surfaces is replaced by a thin chamfer surface. Our developed method starts by detecting the chamfer
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edge triangles first. The detected chamfer edge triangles are then split by adding new points based on the
neighbors of the chamfer edge triangles to restore the machined sharp edges as shown in the figure below.
The presented method has been implemented and much improved edge restoration compared to that of
existing edge restoration methods has been observed. Sub-second computational performance has been
attained for the majority of the test cases.

A(na) Ang)
‘ ’ D A
B(ng) B(ng) Cne)
Chamfered surface (pale red) Triangle split for edge restoration: edge triangles and corner triangle

Before edge restoration After edge restoration

April 2019

During this reporting period, the Ph.D. student of the project, Z. Nie, has completed his Ph.D. course
requirement. He has started to review the relevant literature on volumetric modeling using voxels, which
will be essential to his work on fast cutter-workpiece engagement determination. A preliminary CWE
determination method using basic voxel modeling has been formulated. The initial step of determining the
surface voxels of a milling tool in the voxel modeling space has been implemented and compared with two
existing methods. This preliminary method was implemented in C++ within the MeshLab programming
environment. The computational tests were performed on a Windows PC with 16 GB RAM and a 3.60 GHz
processor to simulate the machining of a full slot with a cylindrical cutter (a flat-end mill). The Table below
lists the computational time comparison of determining the surface voxels of the flat-end mill at one cutter
location along the linear tool path. It can be seen that the proposed preliminary method outperforms other

Average time for surface voxel determination for the flat-end mill at
one cutter location

Interval arithmetic 57 msec
Circle rasterization 34 msec
Our method 24 msec

November 4/2019



NSERC CANRIMT - NETGP 479639 - 15 (2016-2021)
Interim Progress Report — May 1, 2019 - October 31, 2019

PROJECT I1.A.7: Generalized and Efficient Geometric Modeling of CWE

existing voxel based methods. Continuing work is to enhance the computational efficiency of this
preliminary method further.

Progress for the Current Reporting Period

The efficient method of determining the surface voxels of a milling cutter for extracting cutter-workpiece
engagement has been improved further. The cross-section of a milling cutter in 3-axis milling is a set of
circles along the cutter axis. To determine its surface voxels, the cutter is sliced by planes located at the
boundary of each two adjacent voxel layers. As can be seen in the figure below, each circle is divided into
four segments by four extremal points: upper left (red), upper right (blue), lower right (purple) and lower left
(green). To help extract the 4-connected surface voxels in this layer, the “critical vertex” of each voxel is
defined. For the upper left segment, the upper right vertex of each voxel is the critical vertex. Specifically,
the first starting voxel including the left extremal point is extracted first, and then the coordinate of the
critical vertex of the starting voxel is substituted into the implicit function of the circle. If its result is less than
zero, the subsequent voxel crossed by the circle is the upper neighbor; otherwise, the right neighbor is
selected. The next 4-connected neighbor of the voxel is determined in a similar way until the end of the
current segment. For the upper right segment, the lower right vertex of each voxel is the critical vertex. If
the result of putting the coordinate of the critical vertex into the circle's implicit function is less than zero, the
right neighbor is selected. Otherwise, the lower neighbor is selected. For the lower right segment, the
lower left vertex acts as the critical vertex. And for the lower left segment, the critical vertex is the upper left
vertex. In this way, a 4-connected voxel model of the circle at each layer can be obtained very efficiently.
The union of voxels at all layers constitutes the 26-separating voxel model of the cutter surface. With this
improved method, the computational time has been reduced to 1.1 msec (a dramatic reduction). We will
extend this method to other common milling tool shapes and to 5-axis milling in the coming months.

(a) (b)

(a) (b)
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