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Make something real.



TODAY

* What is this class about?

* What will | learn?

e Some logistics

* Let’s get started — HW/SW product design



6.900 staff

Instructors TAS

Joel Voldman

Joe Steinmeyer

Zoe Wong Raiphy Jerez
Special guests

Sanjana Paul
Carlos Cruz-Casas
Tony Hu

BOSE engineers
And more...



Consider the medical thermometer

Why do we use medical thermometers?

alcohol thermometer
What features do we want?

mercury thermometer =
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Consider the medical thermometer

ear thermometer oral thermometer

Range: 34-42.2 °C
Accuracy: £0.2 °C
Time: ~3 sec
Price: $55

Range: 32-42.9 °C
Accuracy: 0.1 °C
Time: ~10 sec
Price: $7

Today’s thermometers



Consider the medical thermometer

ear thermometer oral thermometer

Range: 34-42.2 °C
Accuracy: £0.2 °C

Time: ~3 sec O
Price: S55 o |
2
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Sensing, electronics, computation, actuation (display)
[some even have Bluetooth communications]



Consider the drill/driver

Why do we use drill/drivers?

What features do we want?

handheld drill

handheld screwdriver




Consider the drill/driver

time

v

corded drill/driver cordless drill/driver cordless drill/driver with brushless
~1900s 1978 motor, tool tracking, etc.
today
circuits, actuation sensing, electronics,

computation, commes,
actuation



Consider the drill/driver



|solated cases?




These are all hardware/software systems

Our definition: A system that has most of:
* Sensing
* Electronics
* Computation
e Software
* Communications
e Control
* Actuation

Though not a formal law, products = HW/SW over time



To develop these systems

We need expertise in
* Sensing R
Electronics
Computation
Software > our focus
Communications
Control

Actuation y

And yes,

* Industrial design, mechanical, thermal, manufacturing, medical, economics,
marketing, etc.



To develop these systems

In industry, you’ll probably be on a team that does ~1 of these functions
But you’ll be a better engineer if you can understand the rest to some extent
In this class, we’ll undertake this fu// stack design

So we’ll need to synthesize material across classes



Our responsibility as engineers

Q@ recHNcA o o o ancoou

HIGH AND DRY —

SmartDry’s useful laundry sensor to be
cloud-bricked next month
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Sensor for already dry clothes relied on smartphone app, servers to wor

KLINT FINLEY BUGIN

Nest's Hub Shutdown Proves You're Crazy to Buy Into
the Internet of Things

Nest's decision sends a pretty clear signal that you just can't rely on "Internet of Things" things.

KEVIN PURDY - 8/30/2022, 1:14 PM
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Our responsibility as engineers

Abandoned

The human cost of
neurotechnology
failure

When the makers of electronic implants abandon their projects, people

who rely on the devices have everything to lose.

By Liam Drew | 6 December 2022

Markus Molimann-Bohle has been left to manage his implanted electronic device alone. Credit: Nyani Quarmyne/Panos Pictures for Nature




Our responsibility as engineers

.......



Our responsibility as engineers




Our responsibility as engineers




Our responsibility as engineers

as engineers who can harness extremely powerful technologies,

we must be mindful of the /mplications of the choices we
make in those designs



Let’s talk about impact

* There are many reasons to create
new HW/SW systems

* Arguably, every HW/SW system has
Impact...

tHe tEeN TyPEr™, Matt Benedetto [Unnecessary Inventions]

Our reason: to improve the world around us...to use our
skills to help those who can’t do what we can do



Let’s talk about impact

* There are many reasons to create
new HW/SW systems

* Arguably, every HW/SW system has
Impact... f- L

i |‘ I |
= \ More here... than here

Bigéelly’s Solar trash compactor and
recycling cans

Our reason: to improve the world around us...to use our
skills to help those who can’t do what we can do



Our project this term

 We'll spend Thursday’s lecture on this,
but...

* We're partnering with two
organizations via MIT's PKG Center

* One project with two “customers”,
closely related requirements

s

IIIII Office of Sustainability

-

MIAMI-DADE




Our project this term

 Miami-Dade County has an extensive
bus transit network (>7k stops)

* They want to increase use of public
transit =2 serve community, reduce
emissions

e But riders will only use system if it is
convenient and comfortable

* They know who is taking the bus,
where they get on and get off, where
their buses are, etc.

MIAMI-DADE COUNTY
Draft Better Bus Network

Routes by Weekday Peak Hour Frequency
—)— 75 minutes or less / 8 buses per hour
—@— 10 minutes / & buses per hour

—.— 15 minuies / 4 buses per hour
—@— 20 minues /3 buses per hour

== 40-50 minvtes / 1 bus per hour
it Lefvice.

smm===:  Peak Hour Roule
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.......
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Our project this term

e But they don’t know who isn’t taking the bus

* Who comes to the bus stop but leaves because
it is too hot .

Credit Vera Arias /

Bus stops like this one can get very hot in the summer.

https://www.wlrn.org/news/2014-06-19/we-asked-miami-dade-
transit-why-not-every-bus-stop-has-a-shelter

An uncovered bus stop on South Beach



Our project this term

* They want to deploy resources to make the bus stops more
comfortable...here is the current metric

Albert Hernandez is assistant director for the Division of Engineering, Planning and
Development at Miami-Dade Transit.

He says the lack of shelters is apparently not due to money.

Walk me though what the process is for getting a bus shelter in Miami-Dade County.
Bus shelters are placed at bus stops with the greatest amount of patrons. ... We require

at least 100 boardings per day at the location. ... We place bus benches at all locations
that do not have shelters.

* What’s incomplete about this metric?

https://www.wlrn.org/news/2014-06-19/we-asked-miami-dade-
transit-why-not-every-bus-stop-has-a-shelter



Our project this term

I H
I III Office of Sustainability

* MITOS is working with SA+P and now us
to understand heat islands at MIT

* Boston is getting hotter

A 4

# of days over 90 F

7
A f 1.5 1030 da
S 100°

https://www.boston.gov/environment-and-energy/heat-resilience-solutions-boston



Our project this term

IIIII Office of Sustainability

* MITOS is working with SA+P and now us
to understand heat islands at MIT

* Boston is getting hotter
* What about MIT?

v

e Can we measure hyperlocal heat and
see how it affects space usage?




Our project this term

IIIII Office of Sustainability

* MITOS is working with SA+P and now us
to understand heat islands at MIT

* Boston is getting hotter
* What about MIT?

e Can we measure hyperlocal heat and
see how it affects space usage?

* Temperature is not as simple as it
sounds...

https://www.youtube.com/watch?v=hTVlegPt0-g



Our project this term

* In both cases, our partners want to measure hyperlocal heat
experience and occupancy (how many people are around, and for
how long)



Our project this term

If we're successful, we can help MIT & Miami-Dade understand where to
plant new trees, add fans or awnings or bus shelters, etc.

so that the community can be better served
and there is lots of interest in these types of systems

from other communities



A bit of a head start

* We worked with Miami-Dade last year, so
teams this year can utilize those learnings




A bit of a head start

* And Sanjana Paul developed a first-gen system
for MITOS, which she’ll describe on Thu




What will | learn?

* Principled ways to design HW/SW systems

* How to go from requirements =2 specifications =2 system design =»
detailed design =» prototyping =» testing & verification

* How different system design choices and partitions affect tradeoffs in
meeting our specifications

e Evaluate the size, weight, power, performance, cost, lifetime, etc.
tradeoffs of various designs

Mostly, how to synthesize and apply your knowledge from other EECS
classes

And yes, you’ll build stuff



How will we do it?

o We'll work in teams...BIG* teams

e Why?
* |RL, this is the way
* Feedback from alumni
* You can do more...together

*for EECS



How will we do it?

e You'll work in teams to set specifications )

* You'll adapt & refine system diagrams based on those

SPecCsS Multiple rounds of

* And develop testing & verification plans to meet those [ prototyping &
specifications testing

* Then go and implement

Along the way, there will be plenty of feedback from
staff, partners, teammates, other teams...including
mentoring sessions with BOSE engineers



How will we do it?

* We'll be joined by experts in HW/SW product development to provide
insight and guidance

* Industrial Design (Tony Hu, MIT)

* Product development (Mark Bergeron, BOSE)

e Testing and verification (Rich Pyatt, BOSE)

* Packaging & environmental resistance (Sohan Abraham, BOSE)
e EMI/Certifications (John Yee, BOSE)



Project

How will we do it?

Feb Mar Apr May
-
[ Regs, specs and concepts
System design & ( More design & ‘ Prototyping &
prototyping JU  prototyping (o) | manufacturing (B) |
Testing & verification [ Testing & verification Testing &
‘ g ’ verification |

L |

T&V review

Testing of subsystems and

Alpha review aka
an “ugly” system that works

prototypes for various specs

Testing/revise/integrate

Beta and

Final review

Ship! aka

a system
that
works

Testing in field

and looks

good




How will we do it?

* During the first half of the term, we’ll design and prototype MAQS
* Mit Air Quality System

* A “development system” that incorporates sensing, compute,
communications, server, db, in a guided experience

* Mostly individual, some parts as a team

e Every student gets to learn electronics design, PCB schematic design &
layout & assembly, firmware, 3DP enclosures, back-end server w/
database & web server

* This will give you some of the tools needed to undertake the project



How will we do it?




How will we do it?




Full disclosure

* This is our second offering of this class
* There are no real templates anywhere for how to do this
We’re not going to get it perfect!



Full disclosure

* This is our second offering of this class
* There are no real templates anywhere for how to do this
We’re not going to get it perfect!

But...

* You get to help shape the class, not just the system

* You are the pioneers, the trailblazers, the early adopters
* We will be somewhat lenient in grading

* You will learn how to be real engineers

* You will gain confidence in your skills

* You will have an experience & a system to talk about with employers
* Youwe will have fun



Do | have the background?

* |[n steady state, this class will require 6.200[6.002], 6.191[6.004],
6.310[6.302]

e For this second offering, we are going to be a bit lax

If you’re worried about your background, come talk with us...



Some logistics

e This afternoon: team formation survey in EX0O0 — due end of Saturday!!

* Teams will go out on Sun or Mon, teams based on background & interests

Labs are on Wednesday 1-4p — starting tomorrow!
* Go to our catsoop website to install necessary software before lab tmrw

e By the end of Lab01, you will have a battery-powered cloud-connected portable weather
monitor

e By the end of EXO1, you will have made a complete end-to-end loT system...pretty cool

Psets every week or so — EXO1 comes out today

No exams

Piazza < sign up!

There will be presentations, but this is not a CI-M class...

Late policy, etc. on catsoop site

efi.mit.edu



Let's get started



HW/SW product development

* with a focus on engineering design

e Using MAQS as an example

“In preparing for battle | have always found that
plans are useless, but planning is indispensable”
--Dwight D. Eisenhower -




Product development process

* Many different specific processes, terminology, number of steps, and
so on, but generally

Concept Engineering Testing &

Development Design Verification

* Concept development: identify requirements, establish target specifications,
generate concepts, refine and select most promising concept

* Engineering design: develop product’s system-level architecture, partition into
subsystems, design subsystems, prototype subsystems, integrate back into system

e Testing & verification: Evaluate the subsystems and complete system, verifying
that it meets spec

e Production ramp-up: Transfer to manufacturing, verify quality, ramp up
production, commercialization



Product development process

* There are classes at MIT that focus on different aspects of this process
* |t’s too much for a single class!

Concept Engineering Testing & Production
Development Design Verification Ramp-up




Product development process

* This process is not linear...iteration will be necessary

Need to adjust specifications

Concept l Engineering Testing & >

Development Design Verification

Need to redesign subsystem if it doesn’t meet spec

* But the farther you go to the right, retrenching gets more SSS
* So the more you can figure out early on...the better



Product development process

e Each step takes different amounts of time, depending on product,
market, etc.

Concept Testing &

Verification Production Ramp-up

Engineering Design

Development




Product development process

* Here is Milwaukee Tool’s product development process

Investigate

Ideal Product Development Plan

Actual Product Development Timeline
-




Product development process

* Here is Bolt.io’s HW/SW product development process

m(m Ideation
\Q& Q’o Q O QQJ * D :
- ‘00&66 &° S o w(Om= Design
¢ QQ*O 4° Q<°\ < & w(= Engineering
c‘ -\c}q fb : l
& W & 6{0" m(= Validation
™ \lf’-dz’\“ \?
& & & @
& @ &
¢ &



Product development process

* You may also hear about “waterfall” and “agile”

Waterfall
Development M Odel

Testing

Deployment

https://www.soldevelo.com/

Maintenance

https://medium.com/@chathmini96/waterfall-vs-agile-
methodology-28001a9ca487



Product development process

This stuff gets quasi-religious...

Welcome To The Church Of Agile

B




Product development process

This stuff gets quasi-religious...
...in practice it’s often a mix



Product development process

The two most important points for us:

1. Have a plan
2. Write stuff down



HW/SW product development

What's special about HW/SW products?

* They have commonly recurring sets of specifications

* Prototyping nowadays is easier, faster, and cheaper than in some other sectors
* And in the past

* You can often change the SW after the product goes out...kinda hard to change
the HW!
* This makes part of the product static (HW) and part dynamic (SW) = we can use that!

* |n fact, the ability to update the firmware is often an important requirement = implies some
sort of connectivity, typically wireless

* A great example of SW requirement impacting HW (need radio transceiver on-board)



MAQS: the MIT Air Quality Monitor

e Air ideally is

* /8% N,

* 21% O,
0.9% Ar
0.03% CO,
Water vapor
Trace gases

Anything else is undesirable...
such as

* Reactive species

* Aerosols

* Dust



MAQS: the MIT Air Quality Monitor

Why do we care?
* Harms human health
 Damages ecosystem

e Contributes to climate change

.

Secondary Pollutants

Air pO“UtiUn Primary Pollutants

“cocoz PM
S02 NO NO2

Most rocarbons
ost suspended particles

o i0: HNO: H2S0:
” Hz0z Oa PANs
Natural Most NO= ann SO%salts
Sources . ~—
=

Stationary

- Mobile
. Sources

Sources




MAQS: the MIT Air Quality Monitor

Global Burden of Air Pollution

85%
of the world’s
population lives in
areas where WHO air
quality guidelines are
exceeded

Ambient air pollution

‘u’ b
] =h=
Household air pollution L2

Air pollution is the

4th highest-ranking 4
risk factor for death
deaths
globally
w br
In China and India, less than 1% of the population o
lives in areas meeting WHO guidelines CHINA
- o
910,000
. deaths
1 I I |
4K ™ 1.2M 1.4M 1.6M 810,000
deaths

Air pollution was responsible for 5.5 million deaths in 2013

2.9 million deaths from ambient air pollution in 2013

Househeold air pollution Ambient air pollution -
Caused by burning solid fuels for Caused by emissions from things like: China
E h 3 3 1
heating and cooking, including:
Power generation 64% —
2 Asi, i
Coal . sia India
Transportation
Other Asia
Agriculture — High-income countries
Wood 36% —| == Central/Eastern Europe and Central Asia
Open burning Elsewhern — Sub-5aharan Africa
- _‘T‘_ ddle East and MNorth Africa
Dung Household air pollution Latin America and the Caribbean
Source:
1. Forowzaniar MH, et al. Glabal, regional, and national comparative risk nt of 7% beh 1, e tal

and occupational, and metabaolic risks or clusters of risks in 188 countries, 1990-2013: a systematic analysis for the
Global Burden of Disease Stedy 2013, The Lancet. 2015 Dec 5;384(10010):2287-323.

2. Brauer M, et al. Ambient alr pollution exposure estimation for the Global Burden of Disease 201 3. Environmental
Seience & Technalogy- 2014 Jan 5.50(1):79-88_

& IHME

10% of all deaths were from air pollution in 2013

1.1 million 720,000
Ischemic heart disease
930,000 780,000
Stroke
170,000 820,000

Chronic abstructive pulmonary diseass
330,000 450,000
Lower respiratary infactions
390,000 130,000

Lung cancer

| AT UNIVERSITY of WASHINGTON



MAQS: the MIT Air Quality Monitor

Indoor and outdoor air quality
* Indoor air is not just outdoor air

» Sources of pollutants differ

Sources of Indoor Pollutants

Bathroom
Mould, mildew, odours and
other microbial pathogens

Particulate matters, pathogens,
VOC's, odours and emmissions

VOC's from perfumes, hairspray,
nail polish, upholstery, furniture and
carpet, dust mites in bedsheets
Air conditioning units
Unable to remove pathogens,
VOC's and odours
Circulates without ventilating rooms

aunaryroom

VOC's from cleaning products,
mould, mildew, odours and other
microbial pathogens

Kitchen
Animal hair dust and dander, Cooking devices
tobacco smoke, diesel particles, Fuel oil

VOC's from paint, varnishes,
upholstery, furniture and carpet

fan

Outdoor-Generated

I

PM2.5

o

Combustion of Chemical reactions
gasoline, ail, diesel fuel of gases (502, NOx)

Dust storms,
tornadoes

B

Forest fires
and bonfires

=

Vehicle exhaust

56§

Cooking (frying,

Indoor-Generated
PM2.5

sautéing, broiling)

Tebacco
smoke

“k

Candles

Sl
sl

Cleaning
products

R

Indoor
fireplaces

Sopyight® HY Teles

g

S0 g esived.

cdelos



MAQS: the MIT Air Quality Monitor

Smoke from Oak Fire prompts Bay Area air quality advisory, chokes
Sierra Nevada
California’s biggest 2022 wildfire has burned more than 18,000 acres

00000 The Meveury News

Gas stove pollution causes 12.7%
of childhood asthma, study finds

e Analysis by Maxine Joselow
3 with research by Vanessa Montalbano

lanuary 8, 2023 at 7:30 a.m. EST

JERSEYDALE, CALIFORNIA — JULY 24: A column of smoke rises above the Oak Fire on July 24, 2022 near Jerseydale, California. The fast moving Oak Fire burning

The Washington Post




MAQS: the MIT Air Quality Monitor

Calls for post-Covid 'revolution' in BB
building air quality

Coronavirus pandemic




MAQS: the MIT Air Quality Monito

|

Why measure?

* We can do something about it
e Clean air, turn on fan, open window, etc.
* Inform policy, legislation

 We can learn about health effects

* Measure exposures, correlate to outcomes

* Beyond zip-code level, can we get to street-level,
building-level, personal exposure monitoring?




MAQS: the MIT Air Quality Monitor

* Why measure locally, frequently?

* Air quality can change block by block, and
hour by hour

* Get to accurate & precise exposure

monitoring
2 N. Vancouver-2nd Narrows
o
8 4 Fa
- . [ 9
] .'u i ._-,-
= » ii‘!rﬂ \
B 2- f a\
= d HE
"j 1 .“I_H-rﬂ a
3 ' Tegd gi—&ﬁ 0© senslne
0 ] | T 1 |
0 3 6 9 12 15 18 21 24 Apte Research Group
Hour of Day (PST)

North Vancouver—Moodyville Air Quality Monitoring Study (2016)



MAQS: the MIT Air Quality Monitor

What exactly are we trying to measure?

* Multiple classes: primarily arise primarily from combustion: cars, trucks, tobacco
smoke, cooking, etc.
* Nitrogen oxides (NO,: NO + NO,)
Sulfur dioxide (SO,)
Particulate matter (PM)
* Complex mixture of solid and liquid particles of organic and inorganic substances suspended in the air

* Are also derived via reactions of SO,, NO,, etc.
* Classified by size

e PM,,: particles with a diameter of 10 microns or less
* PM, ¢ particles with a diameter of 2.5 microns or less

Volatile organic compounds (VOCs)
e Higher indoors
* Acetone, benzene, formaldehyde, etc.

Ozone O,
e Arises via reaction of sunlight + volatile organic compounds (VOCs) and NOx
Carbon monoxide (CO)

That’s a lot of stuff to measure...



MAQS: the MIT Air Quality Monitor

* Need to condense down into simple metric that people can
understand: air quality index (AQl) =» scalar rather than vector

Elev 49 ft, 42.37 °N, 71.12 "W
Cambridge, MA undefined
7§ 24° WEST CAMBRIDGE STATION | CHANGE Vv

TODAY HOURLY 10-DAY CALE

AIR QUALITY INDEX o
* Overall agreed-upon metric for reporting air quality GOOD
* Comprised of PM, 5, PMy4, NO,, SO,, CO, O; [1h & 8h] | et
* Quantities averaged over 1h, 8h, 24h = L
* Piecewise-linear model for each pollutant e e
e Overall AQl = highest (worst) AQl of all measures
PM, ¢ PM,q NO, SO, co 0, 0,
(Wgim?) (ug/m?) (ppb) (ppb) (ppm) (PPb) (PPb)
Category Aal 24hr avy 24hr avg 1hr avg 1hr avg Bhr avg 8hr avg 1hr avg
0--30 0--12.0 0--54 0-33 0--33 0--4.4 0--54
IModerate 51--100 12.1--35.4 55--154 S4-100 3675 4.5-54 25--70
101--150 35.5--55.4 155--254 101--360 T6--185 89.5-12.4 71--85 125--164
Unhealthy 151--200 5551504 255--354 351--649 186--304 12.5-15.4 85--105 165--204
Very Unhealthy 201--300 150.5-250 4 355--424 650--1249 305--604 15.5-30.4 106--200 205--404
Hazardous 301--500 250.5--500.4 425--604 1250--2049 605--1004 J0.5-504 405--604

https://blue.cs.sonoma.edu/cs115/F17/proj/pl/cs115 pl.html



https://blue.cs.sonoma.edu/cs115/F17/proj/p1/cs115_p1.html

MAQS: concept development

Concept Engineering Testing &

Development Design Verification

Concept development: identify requirements, establish target specifications, generate
concepts, prototyping (as needed), refine and select most promising concept

Requirements [needs]
e Focus on what the system should do, rather than how to do it

|dentify requirements: who’s requirements? = stakeholders’ requirements

Stakeholders: the people affected by your product

e Customer, end-user € these often most important
» But also retailer, employee, installer, etc.



Stakeholders

Customers are not always end-users...

/

-

Hospital procurement

~

ICU monitor

)

Customer

Stakeholder

\ n

End-user




MAQS: concept development

Concept Engineering Testing &

Development Design Verification

* Concept development: identify requirements, establish target specifications,
generate concepts, prototyping (as needed), refine and select most promising
concept

* Requirements [needs]
e Focus on what the system should do, rather than how to do it

ldentify requirements: who's requirements? =2 stakeholders’ requirements

Stakeholders: the people affected by your product
* Customer, end-user €= these often most important
» But also retailer, employee, installer, etc.

For MAQS, stakeholders are 6.900 staff, 6.900 students, EDS staff



MAQS: requirements

Talk with stakeholders (esp. customers and end-users)
Assemble list of requirements
If extensive, organize into hierarchy

Prioritize
* Must have vs. Should have vs. Might have

o XXX k% %
] V4

Sometimes the customer doesn’t know what they want —
latent need
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MAQS: requirements

We developed requirements based on internal staff discussions and talking
with EDS staff

Why not with students?

1. It should accurately measure indoor air quality **

2. It should be portable ***

3. It should be possible to get the data off the device **

4. It should be a useful pedagogical exercise ***

5. It should maintain privacy *

6. Itshould be low cost *

7. ltshould be rugged and robust **

8. Multiple systems should be able to be used simultaneously ***
9. Itshould be easy to view the current and past data **

10. It should leverage MIT facilities **



Closing thoughts

e Thursday we'll talk in detail about the project
* Next week we’ll start continue down the HW/SW design pathway

e Tomorrow is our first lab!
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