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Evolution of Complex Systems

*Designing complex systems from scratch is
time consuming and costly -> evolve existing
systems.

*Understanding the existing system is
essential to improve it -> reuse of knowledge

*Local changes have unforeseen system
impacts -> System perspective

An easy to use system representation,
to effectively capture and share knowledge is
needed
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MRI System ()

« Magnetic resonance imaging (MRI), is a medical imaging
technique to visualize the structure and function of the body.

» |t provides detailed images of the body in any plane.




MRI System (ll)

* Is the MRI a complex system?
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Parameter Value
Developers ~250

Physics, Mechanics,
Disciplines Electronics, Software,

Development sites

“>Subsidiary sites

Technologies

Lines of SW code

Medical applications etc.
3

All around the world |
~50

7%106 J
(~10 different languages

Takes several years to release a new MRI in the market!




MRI Evolution
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Philips MRI Division Survey .
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« |dentify development problems practitioners face when evolving a
complex system such as the MRI:

-System complexity increases in each evolution, making new
developments more difficult (77%).

Lack of system overview, hard to estimate system impact of local
changes (74%).

Poor communication across disciplines and departments (71%)

Lack of Knowledge Sharing lead to development errors or poor
decisions (for 23% people in a monthly basis, 60% in a yearly
basis)

*Too much information, but hard to find system information(57%)
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A3 Architecture Overviews —.
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A3 Architectural Overview(s)

A3 Architecture Overviews:
Manageable system description of
key aspects of the system in an easy
to use way.

(3xal) 1@9ys gV

Traditional System Description

(1I9pon) 199YS £V




A3 Architecture Overview Motivation

How is the MRI working?

Having different views of
the system might help to identify
potential problematic interfaces or
communication technologies

What communication is needed?

Which functions are required
to perform a scan?




A3 Architecture Overview Goals

Systems Viewpoint: Understand the
system as a whole

Manage Complexity: Provide only the
relevant information, and no more
(overview).

Effective Communication: Simple, yet
effective ways to communicate (drawings +
text).

Integrate Multiple Views: Benefit from
having different views within the same
sheet.

Synthesis and Visualization: Encourage
brevity by limiting space and using visual | =
representations. .
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Reverse Architecting

*Key knowledge is often not documented nor explicit but in expert’s
minds.

*Reverse architecting enables recovering this knowledge.

Information
Extraction

Presentation Abstraction




RA: Collect Information .
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» Challenges to Collect
Information:

— Knowledge spread
within the company

— Lost knowledge due to
people leaving the
company, decisions
not documented, etc

— Detailed / long
documents rather than
cross system concerns ﬂ ﬂ ".g %‘%‘

Architects, engineers,

?
Uncertainty
project leaders, etc

An Architecture Overview  EmE) l
provides the framework to
know what/how to collect the
information

Architectural Knowledge

Implicit Architectural Knowledge
Explicit Architectural
Knowledge ‘

EBIETT
EFE

Documents, maps,
diagrams, etc

(Relevant Information>
\_ J

Architecture Overview




RA: Abstraction R

*Humans can handle limited amount of information.

*How to keep the essentials? -> A3 sheet

*Used by Toyota’s Lean production

system (A3 Reports) A3 S.heet Size:
Maximum amount of

*Reader can focus on a part, but always information most

see the whole (Overview). people is willing to read

-Force synthesis and brevity of knowledge] t© 9¢t an overview.

*Guiding principle: Include key information and eliminate everything
else until only essentials remains.




RA: Presentation ()

*\What should an Architecture Overview contain?

Different views, but not too many; physical, functional,
guantification.

«Additional information; design decisions, solutions, etc

Architecture Overview Text and Model

Core Overview

: : Text is necessary to

|| support a model

Guantifcation Overview , (prevent models to end
up embedded in g
document)




RA: Presentation (ll) .
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Providing Structure to the A3 Improves Readability and Comprehension

Legend Title

- Notation used in this A3 AO - What is this A3 AO about
(Color coding, shapes, etc)

Quantification View

- Decomposition of critical parameters
. . - Measurements, estimations, etc
Visual Aids - Figures of Merit (FOM)

Functional View

- Better simple formulas (FOM) than
complicated mathematical formulas

- If you do not have numbers, provide
estimations, but say so (e.g. by using a
different font color for the letters)

- Set of steps to achieve the goal - Visualization of functions
- Pictures

- Don't worry about parallel - Sketches

actions, describe the functions - Models

in the order that you'd describe

them to someone else - Box different visual aids to

separate them

Physical View

. - Physical architecture / Logical
Annotations architecture

- Design Constraints - Interfaces
- Remarks - Relevant elements/|

- Exceptions - Mapping of functiol
elements/component,

A3 MOdeI - Conceptual view ra

detailed view
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A3 Model View Example
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A3 Text View Example

Definitions / Abbreviations
s tretch: Time interval in which controlled devices operate simultaneously and autonomously
with well defined timing (1ms in CDAS).
S ector: Time between two consecutive events.
Event: Change in one or more parameter values of the scanner.
Control Data: Collection of control words (and additional control information). Control words
contains one or more parameter values in the form of (Atime, register, value).
DAS : Data Acquisition System; PDF: Program Definition File; MP F : Measurement Definition
File; £ C: Eddy Current

MRI Design Principle: Scan Control
Generation of Control Words
Summary

Owner
Name: Phil van Liere, Daniel Borches
Contact Details: phil.van.liere@philips.com, daniel.borchest
Model S tatus: DRAFT (v1 Jun 2009)
Model ID: XJ-?
Reviewers: Baas Buunen, Hans Roeven

hilips.com

Commentators:

Introduction
- The MR system requires 0 be precisely to be able to execute
actions timely (ns accuracy). Scan Control is responsible of this. MR actions are executed
under control of the so called stretch [see definition] engine. Pulse

Physical /Building Block View

Design strategie: /Known Issue

" puise sequence program
- Pulse sequences are received from the Hosl The

measurement program takes the
the

need then to be transformed into control data that HW can use to execute the required
actions.

- Stretch engines are distributed across the system. Basically,
A stretch engine is a clocked device, that stores control data
(control words) in memory, and at a predetermined time data
is transferred to the register. The registers feed the values

To the actuator. The data transfer moment is controlled by
the stretch engine.

- Typically a scan consists out of several stretches. Control data for the stretch is generated
by SW, distributed and stored in the stretch engine. Each stretch may consists out of several
sectors [see definition] (a sector can also cross several stretches). During a stretch, the
scanner hardware is lled by the dedicated digital hardware, without
intervention by the controlling software.
- The amount of control data per
stretch depends on the amount of

—Cireich engine.

p scnn —

hardware settings that require — \ ~ -t
change. When settings change /- - \

(a new sector starts) new control e

e form of sequence omects Physiology
from the panem is modeled and taken into account when
creating the waveform (e.g. to synchronize with patient
breathing)

- Each ms the stretch logic program starts generating

the control words (while doing other actions such as
acquiring receiver samples, collecting patient physiology
and monitoring the HW status). Once the calculations for
the next stretch are done, the measurement program
resumes work until the next stretch starts (event driven)

- Control data is sent to the stretch hardware and stored in the stretch engines (FIFO memories)

Measurement | event driven
program ihread

strotcn W

Related System Concerns

- When dealing with “design : Scan Control”, there are some concerns that should be taken
into Geount when implementing / modifying the design or architeeturs. They all should be balanced to
make a good decision

Tochnoogy. Non-Functional Business Gustomer

Saai

data needs to be generated.

D || € D
D | | zrzz2

level View /S ystem partition (baseline to create the Overview, see back page]
- The baseline to create the system partition will be a functional view (WHAT is being done
since a scan is defined till the dedicated HW is executed) and a physical /building block view
(WHERE / WHEN are those actions being done, and the communication interfaces among
subsystems).
Top Level View

Host

——
c——
’//////”'529”.//////

- For “G eneration of Control Words”, it should be noticed that some concerns may not be that relevant
(hatched ones).

Data size
Timing (Scheduiing)
MR Physics

Ke) &

- Color coding is used to differentiation whether a function or element requires real time control
(orange) or not (green). To differentiate different SW entities performing Scan Control, shading
of building blocks will be used.

/Data size: by the number of control words per stretch (see model). BW for
Status data is ~1MBs, for control data i ~40MBs and for data and control signals is ~100MBs
- Latency: Tms. Each ms control words are generated and distributed to stretch engines.
Timing (scheduling): SW timing +1ms, HW assisted timing +1ns. Timing accuracy: Grad ~1us, TX
~1ps, RX ~10-20ns, Patient Support ~10ms.
- Synchronization: All stretch engines are synchronized with the global clock in the DAS.
- MR Physics: The more events per stretch required, the more control words are needed.
- S calability: Each new stretched device will require more control words. The number of bytes will
depend on the device.
- RF safety: Interlock protocol, Detune protocol
- 70% CPU is used by measurement program, 30% CPU by stretch engine.

Functional View

- The sorted pulse sequence received is used to know the individual waveform demand of ech
subsystem for the scan (e.g. RF waveform, Grad waveform, etc), and with those individual
demands the complete required sequence waveform is generated.

- The waveform is divided in stretches (fixed time intervals) and control words needed are
generated for each stretch individually. Control Data needs to be generated for each sector
within the stretch interval.

- The waveform stretch is sampled in fixed periods (this fix period is termed dwell-time).

- Some waveform values of each dwell period may be modified according to the ‘system
model’ in order to correct the waveform to cope with system demands (e.g. compensation of
eddy current).

- For each sample control words are generated (Atime, reglsler value). Additional control
words for specific stretched devices are generated as well

- Control words are grouped and then distributed to the slrelch engines.

- Function
intelligence in registers (HW).

Sw. All in SE on a standard PC and little

- Different MR
devices have [
different timing S tatic
requirements. Device

‘Exact timing not required

RF Ampliier, Door detect, Gradient ampifier, RMMU,
SPPS,Cryo cooler, VCG, Respiratory. Peripheral puise,
Nurse call, MEB, Pationt support, Pationt communication

o
Sunun aemjos

‘Exact timing with events
R ecater Goll rface, X anpifer g, T swich
RF tost roceiver, RF test signal, Gradient diagnostis,
Scope rigger

o} 3

‘E xact’ timing with samples

MR ‘Timing’ Devices

Sunun passse sewpiey

Device | RF transmitwaveform, Gradient waveform,
RF demoduiator waveform

- To improve performance and efficiency, a fixed stretch
of 1ms was chosen for CDAS instead of variable stretch
time of BDAS.

- Not all stretches need to generate data, only

when a change in HW settings is needed.

- Time precision of HW is 100ns. Dwell-time is a multiple of this number. Therefore
sectors are multiples of 100ns.
<In RF pulse modulation, the SW dwell-tme is 6.4us, while HW requires values each

0.8us. Therefore HW interpolation is needed to meet HW n
- Broadcast techniques are used to reduce bandwidth in control word generation.
- It was decided that all Scan Control intelligence would be centralized on a standard PC
and little intelligence would be on registers.
- Each board in the DAS can control many devices and many boards might be required
to control a single device.
- Device delays are taking into account during planning. To take them into account they
must be known beforehand (<250us).
- For some applications, stretch logic is modified:

- Navigator: Measurement program is blocked until navigator samples are read

- Cardiac: Empty stretches are generated to fill time up.

- Respiration, interactive: Acquisition waits for time event expiration.

Roadmap

- Present: CDAS (multiple stretch engines, fixed stretch time)
- Past: BDAS (single stretch engine, variable stretch time).

- Future: DDAS will introduce no changes in stretch logic.

- Cost: Stretch engines are now implemented in VHDL (in FPGAs or ASICs) instead of HW.
- Portfolio: the same principle is applied to all portfolio.

- Development E ffort:

- Technology obsolescence:

- S pecific competences: Stretch Logic is proprietary technology, therefore it requires specific
competences.

- Industrial S tandards /COTS : Stretch logic and measurement program run in a standard PC. Stretch
engines are \mplemenled in FPGAS.

- Diagnostic Qi : Patient physvo\ogy is taken into account real-time to improve image quality.
Feedback Loop&Reachon

References
- Experts: Phil van Liere (phil.van.liere@philips.com)

- Documents: [1] Detailed CDAS digital and analog timing distribution specifications
(XJ_140_16750)

- Other documents:

- Relation with other design principles: EC calibration
- Relation with other models: of Pulse
Words, Dispatch of Control Words

- Model hierarchy: x

of Control




A3 Text View Example
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Definitions / Abbreviations
nomously Name: F* *

MRI Design Principle: Scan Control Contact

D efl n Itl o n S o Generation of Control Words x:::: .s[ Own e rs h i p

Summary Reviewe

Commenaws.
ata Acqulsmon System; PD Program Definition Filo; MP £+ Measurement Definition
: Eddy Current

Design strategie: /Known Issue:

- The MR system requires to be precisely to be able to execute - Pu\se sequences are received from the Host. The pulse sequence program POF - Different MR

actions timely (ns accuracy). Scan Control is responsible of this. MR actions are executed measurement program takes the seq and l devices have \ ‘Exact timing not required
under control of the so called stretch [see definition] engine. Pulse the n the form of sequence objects. Physiology Measurement eventariven CPAC different timing
need then to be transformed into control data that HW can use to execute the required from the panem is modeled and taken into account when ECD ivead requirements.
actions. . creating the waveform (e.g. to synchronize with patient

- Stretch engines are distributed across the system. Basically, /?I:‘\ breathing)

A stretct - Each ms the stretch logic program starts generating time siice.
(control the control words (while doing other actions such as e

is transfc acquiring receiver samples, collecting patient physiology

Tothe a and monitoring the HW status). Once the calculations for | firos wors:
the stret the next stretch are done, the measurement program pr——

RF Ampliier, Door detect, Gradient ampifier, RMMU,
SPPS.Cryo cooler, VCG, Respiratory, Peripheral puise,
Nurse call, MEB, Pationt support, Patient communication

Frmp—

‘Exact timing with events
RF receiver, Goll Interface, RF amplifier gato, Tx/Rx swilch,
RF tost roceiver, RF test signal, Gradient diagnostis,
Scope rigger

‘E xact’ timing with samples

MR ‘Timing’ Devices

RF transmit waveform, Gradient waveform,
RF demoduiator waveform

Sunun passse sewpiey

~ Typical is generated resumes work until the next stretch starts (event driven)

by SW, Grow musou @i swrou R conorow out of several - Control data is sent to the stretch hardware and stored in the stretch engines (FIFO memories)
sectors [see definition] (a sector can 1 also cross several s streh:hes) During a stretch, the
scanner hardware is by the dedicated digital hardware, without Related System Concerns
intervention by the controlling software.

Sampled ‘
b |

- When dealing with “design principle: S can C ontrol”, there are some concerns that should be taken - -
- The amount of control data per ————————i into account when implementing / modifying the design or architecture. They all should be balanced to || | ©f

stretch depends on the amount of - make a good decision

hardware settings that require | N = 1

T K
change. When settings change e~ \
data needs to be generated.

(a new sector starts) new control pteeer -
level View /S ystem partition (baseline to create the Overview, see back page! Syste m Strateg Ies /

- The baseline to create the system partition will be a functional view (WHAT is being done
since a scan is defined till the dedicated HW is executed) and a physical /building block view
(WHERE / WHEN are those actions being done, and the communication interfaces among

oncerns || Decisions

pue - For “Ger
(hatched ¢..__,

to control a single device.

Key Parameters & Requirements - Device delays are taking into account during planning. To take them into account they
= - Bandwidth /Data S ize: determined by the number of control words per stretch (see model) BW for must be known beforehand (<250us)

status data is ~1MBs, for control data is ~40MBs and for data and control signals is ~100M - For some applications, stretch logic is modified

- Latency: Tms. Each ms control words are generated and distributed to stretch engines. - Navigator: Measurement program is blocked until navigator samples are read

L Ll Supy
- Timing (scheduling): SW timing +1ms, HW assisted timing +1ns. Timing accuracy: Grad ~1us, TX - Cardiac: Empty stretches are generated to fill time up.

I I ~1ps, RX ~10-20ns, Patient Support ~10ms. - Respiration, interactive: Acquisition waits for time event expiration.
- Synchronization: All stretch engines are synchronized with the global clock in the DAS.

- MR Physics: The more events per stretch required, the more control words are needed. Roadmap
Do rury

- scalabil - Present: C
- Color coding is used to differentiation whether a function or element requires real time control| | | depend c - Past: BDA

(orange) or not (green). To differentiate different SW entities performing Scan Control, shading| | - rF s afe - Future: DL
of building blocks will be used. - perform ey T

Th
.

tior little:

Eunctional View intelligen:

- The sorted pulse sequence received is used to know the individual waveform demand of ech | | ¢ oo 51 I HW.

subsystem for the scan (e.g. RF waveform, Grad waveform, etc), and with those individual > References
lete required sequence waveform is generated. - Portfolic ——
demands the comp g Devel - Experts: Phil van Liere (phil.van.liere@philips.com)
- The waveform is divided in stretches (fixed time intervals) and control words needed are - Develor ~bocaments: [1] Dotailed CDAS digital and anslog timing distribution specifications
generated for each stretch individually. Control Data needs to be generated for each sector - Technol X0 140 et ' 9 '9 P
within the stretch interval. ™
- The waveform stretch is sampled in fixed periods (this fix period is termed dwell-time). competer - °'*‘“f <
- Some waveform values of each dwell period may be modified according to the ‘system - Industri u I retch - Relatio
model’ in order to correct the waveform to cope with system demands (e.g. compensation of engines ¢ - Relatio >ntrol
eddy current) - Diagnos Words, [
- For each sample control words are generated (Atime, register, value). Additional control Feedback Loop&Keaction ~5ms. - Model
words for specific stretched devices are generated as well.
- Control words are grouped and then distributed to the stretch engines.

- S pecific

Variable Box Size
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Application: Philips SDS New Style —.
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Systems Design Specification (SDS) is usually the main description
of a systems design.

Meant to:
« Specify how requirements are met
» Consolidate partitioning into design entities
» Define interfaces

o etc

Used by companies to:
« Consolidate designs
« Support ‘development memory’

* Educational purposes




Application: Philips SDS

New Style

*Motivation

SDS is useful to your work ‘

Don't
Know

Strongly
Agree
3%

Strongly
Disagree
11%

The use of the SDS should be encouraged w

the or

anization

ithin

—

Don't

Strongly Know
Agree 17%
0%

Strongly
Disagree
14%

C SDS provides the necessary knowledge to understand the
system outside my domain of expertise

Don't
Know

Strongly pisagree
Disagree (o,




Application: Philips SDS
New Style

« SDS new style proof of concept was developed
« ~10 A3 Architecture Overviews were created
« Scan Control (4), Calibrations (2), Cooling(1), etc

« Used during running projects
» Discussion tool at meetings
» Learning tool for new employees

» Consolidate design concepts

After its evaluation, Project Leaders were encouraged to
create their own A3 Architecture Overviews for their
projects!
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*The system description is easier to update & extend
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.
*No tool required (VISIO / Word) NEW

*No domain specific language (low learning curve)

*Compactness & brevity




Outline

Problem Background: Evolution of Complex Systems
Study Case: Philips MRI System

System Evolution Barriers (Philips’ Survey)

A3 Architecture Overview Example

Reverse Architecting: Collect, Abstract, Present

A3 Architecture Overviews

Application: Philips System Design Specification (SDS)
New Style

Lessons Learned




Lessons Learned

*Great discussion tool.
*Preferred to text documents.

Different disciplines and departments can use it without
much explanation.

*Enable to capture insight during discussions (

*No “| do not have time to read it” excuse.

A4 addiction

*Printer problems?

*Screen size?
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SysML

*MRI Architecture Modeled in SysML

Sl (MR ) Semaenitter Arshiaiut {Cswsmster Cormiten




SysML

A text-based document is preferred to a model-based description for the SDS

General Findings General Findings
There is some tension regarding Strongl Although some people thinks
. Strongly N ) . ey .
Strongly Disagree 14% Disagree whether to stick with a text- Strongly Disagree 6% Disagree formal semantics should be used,
14% based document or not. About 6% the mayority thinks it should not

half people want to stick with be used.

Disagree 23% text-based documetns. However Disagree 37%
among the half that prefera
model-based description, there is

Agree 26% alarge group of people who Agree 26%
really want to move to this

Strongly approach. Strongly
Strongly Agree 9% Agree Strongly Agree 3% Agree
9% 3%
Don't Know 29% Don't Know 29%
Per working title (Strongly Agree/Agree) Findings Per working title (Strongly Agree/Agree) Findings

We see that half of the Managers s0% Managers, Domain experts and

Manager / Leaders 50% and all Domain experts want to Manager / Leaders 0% Other employees do not want at
stick to text-base documents, all formal semantics.
while Designers and Architects

Architect 20% want to move to a model-base Architect 40%
document. Also most Engineers
and Other employees are in favor

Engineer 30% of model-base description. Engineer 50%

Designer 14% Designer 43%

Domain Expert / Scientist 100% Domain Expert / Scientist 0% 7 a—

Architect Engineer Designer Domain Other Manager Architect Engineer Designer Domain  Other
/ Expert/ Expert/
Other 33% Leaders Scientist Other 0% Leaders Scientist

Managers want text-based descriptions!

SW experts want standard modeling

languages




SysML fh\

Experiences
*Practitioners do not want to spend time learning SysML
*Some disciplines not comfortable with it (architecture level)
*Time at meetings spent discussing about notation not contents
*Tool dependency
*Models do not resemble MRI

*SysML requires too many views to create an A3 Architecture
Overivew




