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Victim of attack

��

…

Hmmm RAMHmmm CPU

read r1

���

�

�

�

�

�

�

…

��

setn r15 42

pushr r1 r15

��

…

42

pushr r1 r15
42

blah

indirect
“store” 

followed by 

increment

blah

blah

pushr Goes TO Memory

Increments r15 by 1!

��

…

Hmmm RAMHmmm CPU

.

���

�

�

�

�

�

�

…

�
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.

.

.

.

��

…
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pushr r1 r15

popr r1 15

Blah blah blah

.

popr r1 r15

.

indirect

“load” 

preceded by 

decrement

popr Comes FROM Memory

Decrements r15 by 1!

43

A function call in 

python:

def main():

r1 = input()

result = factorial(r1)

print(result)

def factorial(r1):

# do work

return result

Hmmm's call

operation:

0 read r1

1 calln r14 4

2 write r13

3 halt 

4 do stuff and 

5 answer in r13

6   jumpr r14

puts NEXT line #  into r14, 
then jumps to line 4

calln = setn + jumpn!



Factorial: Function Call!

��

Hmmm RAMHmmm CPU

read r1�

�

�

�

�

�

�

	




�

calln r14 4

��

���

write r13

halt

setn r13 1

jeqzn r1 9

mul r13 r13 r1

addn r1 -1

jumpn 5

jumpr r14

Input value: x

Final result - return value - in progress

loop

return

� input

function call

���

location / line to return TO

the 

function!

output

�

Function Calls…

def main():

r1 = input()

r13 = emma(r1)

r13 = r13 + r1

print(r13)

return

def emma(r1):

r1 = r1 + 1

r13 = sarah(r1)

r13 = r13 + r1

return r13

def sarah(r1):

r1 = r1 + 42

r13 = r1 + 1

return r13

r1=3

emma(3)

r1=3

r1=4

sarah(4)

r1=4

r1=46

r13=47

return(47)

r13=47

Chew on this…

r13=??

Function Calls…

def main():

r1 = input()

r13 = emma(r1)

r13 = r13 + r1

print(r13)

return

def emma(r1):

r1 = r1 + 1

r13 = sarah(r1)

r13 = r13 + r1

return r13

def sarah(r1):

r1 = r1 + 42

r13 = r1 + 1

return r13

r1=3

emma(3)

r1=3

r1=4

sarah(4)

r1=4

r1=46

r13=47

return(47)

r13=47

r13=51

return(51)

r13=??

Function Calls…

def main():

r1 = input()

r13 = emma(r1)

r13 = r13 + r1

print(r13)

return

def emma(r1):

r1 = r1 + 1

r13 = sarah(r1)

r13 = r13 + r1

return r13

def sarah(r1):

r1 = r1 + 42

r13 = r1 + 1

return r13

r1=3

emma(3)

r1=3

r1=4

sarah(4)

r1=4

r1=46

r13=47

return(47)

r13=47

r13=51

return(51)

r13=51

r13=54

54

Cool, but how 

does this work!?



The Stack!

Insert (����push����)

Remove (����pop����)

AFLAC, ShmAFLAC!

Be careful up there!

4

def main():

r1 = int(input())

r13 = emma(r1)

r13 = r13 + r1

print(r13)

return

def emma(r1):

r1 = r1 + 1

r13 = sarah(r1)

r13 = r13 + r1

return r13

def sarah(r1):

r1 = r1 + 42

r13 = r1 + 1

return r13

The stack in RAM!

r1

r13

return

address

3

3

4

Hmmm code up here!

r14

r1=3

46

47

Function Calls…

4

def main():

r1 = int(input())

r13 = emma(r1)

r13 = r13 + r1

print(r13)

return

def emma(r1):

r1 = r1 + 1

r13 = sarah(r1)

r13 = r13 + r1

return r13

def sarah(r1):

r1 = r1 + 42

r13 = r1 + 1

return r13

The stack in RAM!

r1

r13

return

address

3

3

4

Hmmm code up here!

r14

54

Function Calls…

(2) Before the function call,
Store all “precious belongings” 
to the stack—and increment r15

(3) Get r1, (r2), (r3), … ready as function 

“arguments."

The result, if any, will be in 
r13.

(4) Make the function call.

(1) Use r15 as the stack 

pointer.

setn r15 42

or some 

other large-

enough 

value

pushr r1 r15

store the return address r14

and the inputs: r1, (r2), (r3)

(5) After the function call,

Load “precious belongings” back 
from the stack (in reverse order)

popr r1 r15

calln r14 #

line # of 

the 

function

for each 

item 

stored

Implementing Functions



Now Without Pigs and Geese!

def main():

r1 = input()

r13 = emma(r1)

r13 = r13 + r1

print(r13)

return

def emma(r1):

r1 = r1 + 1

r13 = sarah(r1)

r13 = r13 + r1

return r13

def sarah(r1):

r1 = r1 + 42

r13 = r1 + 1

return r13

00 setn r15 42    # set stack pointer to 42 

01 read r1        # start of main

02 pushr r1 r15   # store r1 on the stack

03 calln r14 10   # call emma

04 popr r1 r15    # load r1 from the stack

05 add r13 r13 r1 # r13 = r13 + r1

06 write r13

07 halt

08 nop

09 nop

10 addn r1 1      # start of emma!

11 pushr r1 r15   # store r1 on the stack

12 pushr r14 r15  # save return addr on stack

13 calln r14 20   # call sarah

14 popr r14 r15   # load ret addr from stack

15 popr r1 r15    # load r1 from the stack

16 add r13 r13 r1 # r13 = r13 + r1

17 jumpr r14      # return!

18 nop

19 nop

20 addn r1 42     # start of sarah!

21 setn r2 1      # put 1 in a register

22 add r13 r1 r2    

23 jumpr r14      # return

It was better with pigs and geese!

save

restore

save

restore

Recursion?
def fac(N):

if N <= 1:

return 1

else:

return N * fac(N-1)

fac(5)  

5 * fac(4)

4 * fac(3)

3 * fac(2)

2 * fac(1)

1

�
���������

����������

������ ����

���� ��!���

���������fac

Factorial via Recursion…

Python

n = int(input())

answer   = fac(n)

print(n, answer)

def fac(n):

"""Recursive 

factorial!"""

if n == 0: 

return 1

else:

res   = fac(n-1)

return n*res

����������������

	
���
��������������

return n*fac(n-1)

r14

r1 (N)

jumpr r14

jumpr r14

First let�s try N=0 and then N=3

r13(Res) Return 

value

Return 

address

HmmmPython

n = int(input())

answer = fac(n)

print(answer)

def fac(n):

"""Recursive factorial!"""

if n==0: 

return 1

else:

res = fac(n-1)

return n*res

match each piece of Python code with 

the Hmmm assembly code that 

implements it.

00 setn r15 42

01 read r1

02 calln r14 5

03 write r13

04 halt

05 jnezn r1 8

06 setn r13 1

07 jumpr r14

08 pushr r1 r15

09 pushr r14 r15

10 addn r1 -1

11 calln r14 5

12 popr r14 r15

13 popr r1 r15

14 mul r13 r13 r1

15 jumpr r14

b   r1

Try to align the 

Python code to 

the Hmmm 

code… as shown in the next slide…

Python          Hmmm



Python          Hmmm

HmmmPython

n = int(input())

answer = fac(n)

print(answer)

def fac(n):

"""Recursive factorial!"""

if n==0: 

return 1

else:

res = fac(n-1)

return n*res

r15 is the

“stack pointer”

r14 is the

“return address”

r13 is the

answer 

00 setn r15 42

01 read r1

02 calln r14 5

03 write r13

04 halt

05 jnezn r1 8

06 setn r13 1

07 jumpr r14

08 pushr r1 r15

09 pushr r14 r15

10 addn r1 -1

11 calln r14 5

12 popr r14 r15

13 popr r1 r15

14 mul r13 r13 r1

15 jumpr r14

Python          Hmmm

HmmmPython

n = int(input())

answer = fac(n)

print(answer)

def fac(n):

"""Recursive factorial!"""

if n==0: 

return 1

else:

res = fac(n-1)

return n*res

r15 is the

�stack pointer�

r14 is the

�return address�

r13 is the

answer 

00 setn r15 42

01 read r1

02 calln r14 5

03 write r13

04 halt

05 jnezn r1 8

06 setn r13 1

07 jumpr r14

08 pushr r1 r15

09 pushr r14 r15

10 addn r1 -1

11 calln r14 5

12 popr r14 r15

13 popr r1 r15

14 mul r13 r13 r1

15 jumpr r14

Python          Hmmm

HmmmPython

n = int(input())

answer = fac(n)

print(answer)

def fac(n):

"""Recursive factorial!"""

if n==0: 

return 1

else:

res = fac(n-1)

return n*res

r15 is the

�stack pointer�

r14 is the

�return address�

r13 is the

answer 

00 setn r15 42

01 read r1

02 calln r14 5

03 write r13

04 halt

05 jnezn r1 8

06 setn r13 1

07 jumpr r14

08 pushr r1 r15

09 pushr r14 r15

10 addn r1 -1

11 calln r14 5

12 popr r14 r15

13 popr r1 r15

14 mul r13 r13 r1

15 jumpr r14

Python          Hmmm

HmmmPython

n = int(input())

answer = fac(n)

print(answer)

def fac(n):

"""Recursive factorial!"""

if n==0: 

return 1

else:

res = fac(n-1)

return n*res

r15 is the

�stack pointer�

r14 is the

�return address�

r13 is the

answer 

Prepare for function call!  All 
precious belongings must 
be saved on the stack!

00 setn r15 42

01 read r1

02 calln r14 5

03 write r13

04 halt

05 jnezn r1 8

06 setn r13 1

07 jumpr r14

08 pushr r1 r15

09 pushr r14 r15

10 addn r1 -1

11 calln r14 5

12 popr r14 r15

13 popr r1 r15

14 mul r13 r13 r1

15 jumpr r14



00 setn r15 42

01 read r1

02 calln r14 5

03 write r13

04 halt

05 jnezn r1 8

06 setn r13 1

07 jumpr r14

08 pushr r1 r15

09 pushr r14 r15

10 addn r1 -1

11 calln r14 5

12 popr r14 r15

13 popr r1 r15

14 mul r13 r13 r1

15 jumpr r14

Python          Hmmm

HmmmPython

n = int(input())

answer = fac(n)

print(answer)

def fac(n):

"""Recursive factorial!"""

if n==0: 

return 1

else:

res = fac(n-1)

return n*res

r15 is the

�stack pointer�

r14 is the

�return address�

r13 is the

answer 

00 setn r15 42

01 read r1

02 calln r14 5

03 write r13

04 halt

05 jnezn r1 8

06 setn r13 1

07 jumpr r14

08 pushr r1 r15

09 pushr r14 r15

10 addn r1 -1

11 calln r14 5

12 popr r14 r15

13 popr r1 r15

14 mul r13 r13 r1

15 jumpr r14

Python          Hmmm

HmmmPython

n = int(input())

answer = fac(n)

print(answer)

def fac(n):

"""Recursive factorial!"""

if n==0: 

return 1

else:

res = fac(n-1)

return n*res

r15 is the

�stack pointer�

r14 is the

�return address�

r13 is the

answer 

Python          Hmmm

HmmmPython

n = int(input())

answer = fac(n)

print(answer)

def fac(n):

"""Recursive factorial!"""

if n==0: 

return 1

else:

res = fac(n-1)

return n*res

r15 is the

�stack pointer�

r14 is the

�return address�

r13 is the

answer 

Function call over!  All 
precious belongings 
back into their 
registers!

00 setn r15 42

01 read r1

02 calln r14 5

03 write r13

04 halt

05 jnezn r1 8

06 setn r13 1

07 jumpr r14

08 pushr r1 r15

09 pushr r14 r15

10 addn r1 -1

11 calln r14 5

12 popr r14 r15

13 popr r1 r15

14 mul r13 r13 r1

15 jumpr r14

Python          Hmmm

HmmmPython

n = int(input())

answer = fac(n)

print(answer)

def fac(n):

"""Recursive 

factorial!"""

if n==0: 

return 1

else:

res = fac(n-1)

return n*res

r15 is the

�stack pointer�

r14 is the

�return address�

r13 is the

answer 

00 setn r15 42

01 read r1

02 calln r14 5

03 write r13

04 halt

05 jnezn r1 8

06 setn r13 1

07 jumpr r14

08 pushr r1 r15

09 pushr r14 r15

10 addn r1 -1

11 calln r14 5

12 popr r14 r15

13 popr r1 r15

14 mul r13 r13 r1

15 jumpr r14



00 setn r15 42

01 read r1

02 calln r14 5

03 write r13

04 halt

05 jnezn r1 8

06 setn r13 1

07 jumpr r14

08 pushr r1 r15

09 pushr r14 r15

10 addn r1 -1

11 calln r14 5

12 popr r14 r15

13 popr r1 r15

14 mul r13 r13 r1

15 jumpr r14

Worksheet
Write down what happens in the registers and memory (the stack) as this program 
runs.  Remember that calln sets r14 to the address of the next instruction!

r0

r1

r13

r14

��

Memory (�high part of  RAM�)CPU Registers

��

��

��

��

�	

�


��

��

��

��

r15

Program (�low part of RAM�)

"the stack"
The input is 3.

argument: n

result, return value

return address (line #)

Stack Pointer

with labels

fa
c
to

ri
a
l 
fu

n
c
ti

o
n

How low could we start the stack? How deep does the stack get? What are the possible values of r14?  

always-0 register

0

Name:

Towers of Hanoi

������
���������
�������
������

Peg 1 Peg 2 Peg 3 

hanoi (Disks, From, To)

hanoi(3, 1, 3)

Towers of Hanoi

������
���������
�������
������

Peg 1 Peg 2 Peg 3 

hanoi (Disks, From, To)

hanoi(3, 1, 3)

1 to 3

Towers of Hanoi

������
���������
�������
������

Peg 1 Peg 2 Peg 3 

hanoi (Disks, From, To)

hanoi(3, 1, 3)

1 to 3

1 to 2



Towers of Hanoi

������
���������
�������
������

Peg 1 Peg 2 Peg 3 

hanoi (Disks, From, To)

hanoi(3, 1, 3)

1 to 3

1 to 2

3 to 2

Towers of Hanoi

������
���������
�������
������

Peg 1 Peg 2 Peg 3 

hanoi (Disks, From, To)

hanoi(3, 1, 3)

1 to 3

1 to 2

3 to 2

1 to 3

Towers of Hanoi

������
���������
�������
������

Peg 1 Peg 2 Peg 3 

hanoi (Disks, From, To)

hanoi(3, 1, 3)

1 to 3

1 to 2

3 to 2

1 to 3

2 to 1

Towers of Hanoi

������
���������
�������
������

Peg 1 Peg 2 Peg 3 

hanoi (Disks, From, To)

hanoi(3, 1, 3)

1 to 3

1 to 2

3 to 2

1 to 3

2 to 1

2 to 3



Towers of Hanoi

������
���������
�������
������

Peg 1 Peg 2 Peg 3 

hanoi (Disks, From, To)

hanoi(3, 1, 3)

1 to 3

1 to 2

3 to 2

1 to 3

2 to 1

2 to 3

1 to 3

7 = 23 - 1 moves

The Hanoi Legend

Peg 1 Peg 2 Peg 3 

hanoi (Disks, From, To)

if Disks == 1: 

print(str(From) + �,� + str(To))

return

else:

# COMPUTE �Other� peg

hanoi(Disks-1, From, Other)

hanoi(1, From, To)

hanoi(Disks-1, Other, To)

return

3 1 3

hanoi(2, 1, 2)

hanoi(1, 1, 3)

hanoi(1, 1, 2)

hanoi(1, 3, 2)

hanoi(2, 2, 3)

hanoi(1, 1, 3)

What�s Next?

Cool application areas…

• Data compression

• Secret sharing

• AI and games

Object-oriented programs (OOPS!)

Limits of computation:  Are there things 

computers cannot do?


