
TIME MACHINES



Water clocks, clepsydras, sundials, hour glasses - all are 
“flow” based measures of time.

Continuous flow is hard to count…

“Continuity is only a mathematical technique for 
approximating very finely grained things. The world is 
subtly discrete, not continuous. The good Lord has not 
drawn the world with continuous lines: with a light hand, 
he has sketched it in dots, like the painter Georges Seurat.”

Carlo Rovelli



https://www.metmuseum.org/
art/collection/search/451302

"Design for the 
Water Clock of the 
Peacocks", from the 
Kitab fi ma'rifat al-
hiyal al-handasiyya 
(Book of the 
Knowledge of 
Ingenious 
Mechanical 
Devices) by Badi' 
al-Zaman b. al 
Razzaz al-Jazari


1315 CE

https://www.metmuseum.org/art/collection/search/451302
https://www.metmuseum.org/art/collection/search/451302


https://www.revolution.watch/past-masters-the-astronomical-water-clock-of-su-song

https://www.revolution.watch/past-masters-the-astronomical-water-clock-of-su-song


SU SONG ASTRONOMICAL WATER CLOCK
 01094 CE, EARLY ESCAPEMENT 

“Thus if the water is made to pour with 
perfect evenness, then the comparison of 
the rotary movements (of the heavens 
and the machine) will show no 
discrepancy or contradiction; for the 
unresting follows the unceasing.”



Detail https://amc.stust.edu.tw/en/node/wt



ESCAPEMENTS



Energy: falling 
weight, wound 
spring

Locks / unlocks 
energy source; 
transfers energy to 
oscillator Oscillator



ESCAPEMENTS



ESCAPEMENTS



OSCILLATORS

Mechanical

40-208 BPM = 

.67Hz - 3.5Hz



Mechanical

~4-10 Hz

Electromechanical

360 Hz

Quartz

32,768 Hz

OSCILLATORS

Last accurate, most expensive Most accurate, least expensive(No longer made)
Longest history, most repairable Technological dead end, unrepairable Unrepairable, common, disposable



Mechanical

~4-10 Hz

OSCILLATORS



Mechanical

~4-10 Hz

OSCILLATORS BALANCE WHEEL

SPRING

ESCAPEMENT

Flow
Tick

Count



(ASIDE) Bullova Accutron tuning fork 
movement, 1960 - 1977



(ASIDE) Bullova Accutron tuning fork 
movement, 1960 - 1977



Me ~1979

(ASIDE)







https://www.youtube.com/watch?v=_2By2ane2I4&t=351s



TIME MACHINES

Diving even more deeper into timing machinery

CONTINUED





“We’ve now arrived at the subject of really accurate time. Earlier I said that up until 1955 a glorified 
sundial was the most accurate clock in existence. Another way of saying this is that we were using 
the rotation of the earth as the reference standard for time, because we didn’t have anything better.


Every day the time told by the world’s best clocks was compared to the exact moment that a set of 
reference stars past directly overhead at the Greenwich Observatory in London. If there was a 
deviation between when the clocks said the stars should pass overhead and when they actually 
did, we trusted the stars over the clocks, and reset the clocks. Based on everything we knew about 
the earth and the clocks there was no reason to think that the clocks were a more accurate 
measure of time to the rotation of the earth.


Two clocks, even if one is the earth, are not enough. But if you have three clocks, and you find that 
two of them stay exactly in sync with the third one drifts away, now you’ve got some evidence that 
the third one is the problem. If you have 100 clocks spread all over the world, built by different 
people using different methods, and all but one of them agree with each other, then you can be 
pretty sure that the outlier is the problem, not the other 99 clocks. In 1955 the earth became that 
outlier – not because of anything changed about the earth but because we suddenly got much 
better at building clocks. What changed in 1955 with the invention of the cesium atomic clock.”










ONSEMI A037L 707.35MHZ VCXO



Clock Trees

“A Clock Tree Prediction and Optimization Framework Using Generative Adversarial Learning”







Standard quartz clock timer 
32,768 = 2^15



Precision timer 
2,097,152 = 2^21

1,843,200 / 16 = 115,200  
/32 = 57,600 
/192 = 9600 
 



Sparkfun RTC Breakout boards

https://github.com/ITPNYU/clock-club/tree/master/RTC_Clock_Examples

https://github.com/ITPNYU/clock-club/tree/master/RTC_Clock_Examples


Sparkfun RTC Breakout boards

https://github.com/ITPNYU/clock-club/tree/master/RTC_Clock_Examples

https://github.com/ITPNYU/clock-club/tree/master/RTC_Clock_Examples
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ARDUINO PROCESSING P5JS

“TIC
K”



TIMER/COUNTERS ARE 
PRIMARY BUILDING BLOCKS 
OF MICROCONTROLLERS 

Timing-based functions (analogWrite, tone, 
servo, etc.) make use of internal timers. These 
timers can trigger time-based interrupts, 
triggering functions.


However, accessing these timers typically 
involves architecture-specific registers and these 
change from chip to chip. 







void delay(unsigned long ms) {

	 uint32_t start = micros();


	 while (ms > 0) {

	 	 yield();

	 	 while ( ms > 0 && (micros() - start) >= 1000) {

	 	 	 ms--;

	 	 	 start += 1000;

	 	 }

	 }

}

micros() function on next 
slide

https://github.com/arduino/ArduinoCore-avr

https://github.com/arduino/ArduinoCore-avr


unsigned long micros() {

	 unsigned long m;

	 uint8_t oldSREG = SREG, t;

	 

	 cli();

	 m = timer0_overflow_count;

#if defined(TCNT0)

	 t = TCNT0;

#elif defined(TCNT0L)

	 t = TCNT0L;

#else

	 #error TIMER 0 not defined

#endif


#ifdef TIFR0

	 if ((TIFR0 & _BV(TOV0)) && (t < 255))

	 	 m++;

#else

	 if ((TIFR & _BV(TOV0)) && (t < 255))

	 	 m++;

#endif


	 SREG = oldSREG;

	 

	 return ((m << 8) + t) * (64 / clockCyclesPerMicrosecond());

}

https://github.com/arduino/ArduinoCore-avr
https://web.engr.oregonstate.edu/~traylor/ece473/lectures/tcnt0.pdf

8-Bit Timer/Counter

Do some math to internal timer 
register to return run time in 
microseconds

https://github.com/arduino/ArduinoCore-avr
https://web.engr.oregonstate.edu/~traylor/ece473/lectures/tcnt0.pdf


/* Delay for the given number of microseconds.  Assumes a 1, 8, 12, 16, 20 or 24 MHz clock. */

void delayMicroseconds(unsigned int us) {

	 // call = 4 cycles + 2 to 4 cycles to init us(2 for constant delay, 4 for variable)

	 // calling avrlib's delay_us() function with low values (e.g. 1 or

	 // 2 microseconds) gives delays longer than desired.

	 //delay_us(us);


. . .


#elif F_CPU >= 16000000L

	 // for the 16 MHz clock on most Arduino boards

	 // for a one-microsecond delay, simply return.  the overhead

	 // of the function call takes 14 (16) cycles, which is 1us

	 if (us <= 1) return; //  = 3 cycles, (4 when true)


	 // the following loop takes 1/4 of a microsecond (4 cycles)

	 // per iteration, so execute it four times for each microsecond of

	 // delay requested.

	 us <<= 2; // x4 us, = 4 cycles


	 // account for the time taken in the preceeding commands.

	 // we just burned 19 (21) cycles above, remove 5, (5*4=20)

	 // us is at least 8 so we can substract 5

	 us -= 5; // = 2 cycles,


. . . 


// busy wait

	 __asm__ __volatile__ (

	 	 "1: sbiw %0,1" "\n\t" // 2 cycles

	 	 "brne 1b" : "=w" (us) : "0" (us) // 2 cycles

	 );

	 // return = 4 cycles

}

Countdown in Assembly: 
SBIW - Subtract Immediate from Word 
BRNE - Branch if Not Equal

Several #elif directives 
covering different clock 
speeds

https://github.com/arduino/ArduinoCore-avr

Note - does not use micros()

https://github.com/arduino/ArduinoCore-avr


ANALOGWRITE

https://github.com/arduino/ArduinoCore-avr

TONE

https://github.com/arduino/ArduinoCore-avr/blob/2f67c916f6ab6193c404eebe22efe901e0f9542d/cores/arduino/wiring_analog.c#L120
https://github.com/arduino/ArduinoCore-avr
https://github.com/arduino/ArduinoCore-avr/blob/2f67c916f6ab6193c404eebe22efe901e0f9542d/cores/arduino/Tone.cpp


https://www.microchip.com/webdoc/AVRLibcReferenceManual/assembler_1ass_example.html

https://www.microchip.com/webdoc/AVRLibcReferenceManual/assembler_1ass_example.html




Changes include:


‣ external, such as voltage changes on an interrupt-enabled pin, or


‣ internal, from changes in an internal hardware timer (basically, a 
counter incrementing each clock cycle) reaching a certain value.

Microcontrollers can process interrupts: functions called automatically by 
hardware changes.


INTERRUPTS
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In main loop, use digital read to check the state of an input 
pin. Decide what to do if it is low, high, changed, etc.



INTERRUPTS
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Define interrupt service routines (ISRs) for hardware 
changes: rising edge, falling edge, and/or change. These will 
be called immediately when the pin changes. 



INTERRUPTS
Basic Idea: You identify a function to call when an interrupt even occurs. This function is the 
“Interrupt Service Routine” or ISR. ISRs should run as quickly as possible. Any variables 
accessed by the ISR must be declared “Volatile”

attachInterrupt(digitalPinToInterrupt(INTERRUPT_PIN), myISR, CHANGE); 

// trigger when button pressed, but not when released.


volatile bool ledState = LOW; //note new qualifier "volatile" - this 
indicates a variable may change while handling an interrupt


void myISR() {isrCount ++;

  if ((long)(micros() - lastMicros) > debounceTimeMicros) {

    ledState = !ledState;

    lastMicros = micros();

  }

}

1

2

3



Features
■  Push switch option
■  Compact, rugged design
■  High reliability
■  Metal bushing/shaft

   PEC11 Series - 12 mm Incremental Encoder

*RoHS Directive 2002/95/EC Jan 27, 2003 including Annex. 
**Devices are tested using standard noise reduction fi lters.  For optimum performance, designers should use noise reduction fi lters in their circuits.
Specifi cations are subject to change without notice.
Customers should verify actual device performance in their specifi c applications.

 How To Order

PEC11  -  4  0  20  F  -  S  0012
Model
Terminal Confi guration
 4 = PC Pin Horizontal/Rear Facing
Detent Option
 0 = No Detents (12, 18, 24 pulses)
 1 = 18 Detents (18 pulses)
 2 = 24 Detents (12, 24 pulses)
 3 = 12 Detents (12 pulses)
Standard Shaft Length
 15 = 15.0 mm
 20 = 20.0 mm
 25 = 25.0 mm
 30 = 30.0 mm
Shaft Style
 F = Metal Flatted Shaft
 K =  Metal Knurled Shaft1

Switch Confi guration
 S = Push Momentary Switch
 N = No Switch
Resolution
 0012 = 12 Pulses per 360 ° Rotation
 0018 = 18 Pulses per 360 ° Rotation
 0024 = 24 Pulses per 360 ° Rotation
1 Metal knurled shaft with no switch is available in 15, 20 and 30 mm shaft lengths.
   Metal knurled shaft with push momentary switch is available in 15 and 20 mm shaft lengths.

  Electrical Characteristics
Output ..................................................................................................................................................................................................2-bit quadrature code
Closed Circuit Resistance .......................................................................................................................................................................... 3 ohms maximum
Contact Rating ................................................................................................................................................................................................ 1 mA @ 5 VDC
Insulation Resistance ....................................................................................................................................................................100 megohms @ 250 VDC
Dielectric Withstanding Voltage
 Sea Level ............................................................................................................................................................................................... 300 VAC minimum
Electrical Travel..................................................................................................................................................................................................... Continuous
Contact Bounce (15 RPM) .........................................................................................................................................................................5.0 ms maximum**
RPM (Operating) .............................................................................................................................................................................................. 60 maximum**

  Environmental Characteristics
Operating Temperature Range ...................................................................................................................................... -30 °C to +70 °C (-22 °F to +158 °F)
Storage Temperature Range ......................................................................................................................................... -40 °C to +85 °C (-40 °F to +185 °F)
Humidity ............................................................................................................................................................... MIL-STD-202, Method 103B, Condition B
Vibration .......................................................................................................................................................................................................................... 30 G
 Contact Bounce............................................................................................................................................... 10~55~10 Hz / 1 min. / Amplitude 1.5 mm
Shock ............................................................................................................................................................................................................................ 100 G
Rotational Life ...................................................................................................................................................................................30,000 cycles minimum
Switch Life .........................................................................................................................................................................................20,000 cycles minimum
IP Rating ..........................................................................................................................................................................................................................IP 40

  Mechanical Characteristics
Mechanical Angle .........................................................................................................................................................................................360 ° continuous
Torque
 Running ...................................................................................................................................................................... 50 to 200 gf.cm (0.68 to 2.7 oz.-in.)
 Mounting...................................................................................................................................................................... 10.2 kgf.cm (8.83 lb.-in.) maximum
Shaft Side Load (Static) ............................................................................................................................................................... 2.04 kgf (4.5 lbs.) minimum
Weight ............................................................................................................................................................................................ 5 gm (0.17 oz.) maximum
Terminals ................................................................................................................................................................................ Printed circuit board terminals
 Soldering Condition
      Wave Soldering..................................................................................... Sn95.5/Ag2.8/Cu0.7 solder with no-clean fl ux: 260 °C max. for 3-5 seconds
      Hand Soldering .................................................................................................................................................................................Not recommended
Hardware ......................................................................................................................One fl at washer and one mounting nut supplied with each encoder

  Switch Characteristics
Switch Type ................................................................................................................................................................... Contact Push ON Momentary SPST
Power Rating (Resistive Load) ..................................................................................................................................................................... 10 mA at 5 V DC
Switch Travel ......................................................................................................................................................................................................0.5 ± 0.2 mm
Switch Actuation Force ...................................................................................................................................................... 610 ± 306 gf (8.47 ± 4.24 oz.-in.)

Quadrature Output Table

A Signal

CW

D

ON
OFF

B Signal

CCW

*R
oH

S COMPLIA
NT

INTERRUPTS
Excellent for resolving fast-changing inputs such as 
the signals from rotary encoders.

A
B

Adafruit



STEPPERS
Almost the “inverse” of encoders: 
send pulsed info to the stepper 
and it turns. See pomp site for 
tons of info. 

https://itp.nyu.edu/physcomp/labs/motors-and-transistors/lab-
controlling-a-stepper-motor-with-a-step-and-direction-driver/

https://itp.nyu.edu/physcomp/labs/motors-and-transistors/lab-controlling-a-stepper-motor-with-a-step-and-direction-driver/
https://itp.nyu.edu/physcomp/labs/motors-and-transistors/lab-controlling-a-stepper-motor-with-a-step-and-direction-driver/


STEPPERS



STEPPERS
https://itpnyu.github.io/clock-club/VID28-05_mechanism/



STEPPERS
https://mcuoneclipse.com/2019/11/24/world-stepper-clock-with-nxp-lpc845/



Nema 16 Assembled Motor w/ 
Hollow & Solid Shaft

https://www.omc-stepperonline.com/nema-16-assembled-motor-w-
hollow-solid-shaft-bipolar-1-8deg-8ncm-11-33oz-in-0-3a-39x39x40mm-4-
wires-16hs16-0304s-c1

https://www.omc-stepperonline.com/nema-16-assembled-motor-w-hollow-solid-shaft-bipolar-1-8deg-8ncm-11-33oz-in-0-3a-39x39x40mm-4-wires-16hs16-0304s-c1
https://www.omc-stepperonline.com/nema-16-assembled-motor-w-hollow-solid-shaft-bipolar-1-8deg-8ncm-11-33oz-in-0-3a-39x39x40mm-4-wires-16hs16-0304s-c1
https://www.omc-stepperonline.com/nema-16-assembled-motor-w-hollow-solid-shaft-bipolar-1-8deg-8ncm-11-33oz-in-0-3a-39x39x40mm-4-wires-16hs16-0304s-c1












Sparkfun RTC Breakout

https://github.com/ITPNYU/clock-club/tree/master/RTC_Clock_Examples

Adafruit RTC Breakout

…

…

…

https://github.com/ITPNYU/clock-club/tree/master/RTC_Clock_Examples


V2:

ESP32 Pico D4

200x200 E-Ink

External RTC

Battery

V3 (current):

ESP32 S3

200x200 E-Ink

Internal RTC

Battery

Courtesy of Prof Sam Heckle - thanks Sam!!

Borrowed from Sam
One Sam wears
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