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Nondeterminism

Nondeterministic code is code that, even for the same input,
can exhibit different behaviours on different runs, as opposed to
deterministic code.

@ Randomization and
@ concurrency

both give rise to nondeterminism.

Limitations of testing of nondeterministic code include

@ no guarantee that all different behaviours have been
checked, and

@ errors may be difficult to reproduce.
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Alternatives to Testing

To detect bugs in nondeterministic code, testing needs to be
supplemented with other approaches.

How to tackle the limitations of testing of nondeterministic
code?
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Alternatives to Testing

To detect bugs in nondeterministic code, testing needs to be
supplemented with other approaches.

How to tackle the limitations of testing of nondeterministic
code?

Control the nondeterminism: this allows us to

@ systematically check all different behaviours and
@ reproduce errors.
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How Many Different Executions?

One thread prints 1 one. Another thread prints 1 two. How
many different executions are there?
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How Many Different Executions?

One thread prints 1 one. Another thread prints 1 two. How
many different executions are there?
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How Many Different Executions?

One thread prints 2 ones. Another thread prints 2 twos. How
many different executions are there?
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How Many Different Executions?

One thread prints 2 ones. Another thread prints 2 twos. How
many different executions are there?
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How Many Different Executions?

One thread prints 3 ones. Another thread prints 3 twos. How
many different executions are there?
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How Many Different Executions?

One thread prints 3 ones. Another thread prints 3 twos. How
many different executions are there?
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How Many Different Executions?

One thread prints 1000 ones. Another thread prints 1000 twos.
How many different executions are there?
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How Many Different Executions?

One thread prints 1000 ones. Another thread prints 1000 twos.
How many different executions are there?

Answer

204815162698948971433516250298082504439642488798139
703382038263767174818620208375582893299418261020620
146476631999802369241548179800452479201804754976926
15785630128966343206471485115239525165122776858861 1
539546256147907378668464154444533617613770073855673
814589630071306510455959514479888746206368718514551
828551173166276253663773084682932255389049743859481
431755030783796444370810085163724827462791417016619
883764840843541430817785947037746565188475514680749
694674923803033101818723298009668567458560252549910
118113525353465888794196665367490451130611009631190
034 9 089 963991149120

315/ EECS 4315 7/31


www.cse.yorku.ca/course/4315/

How Many Different Executions?

One thread prints 1000 ones. Another thread prints 1000 twos.
How many different executions are there?

Answer

(2000) 2000!

~— 1000!1000!

1000
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How Many Different Executions?

One thread executes n instructions. Another thread executes n
instructions. How many different executions are there?
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How Many Different Executions?

One thread executes n instructions. Another thread executes n
instructions. How many different executions are there?

Answer

At most (27).

A
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How Many Different Executions?

One thread executes n instructions. Another thread executes n
instructions. How many different executions are there?

v

Answer
At most (27).

<

Can there be fewer? l
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How Many Different Executions?

One thread executes n instructions. Another thread executes n
instructions. How many different executions are there?

v

Answer
At most (27).

<

Can there be fewer? \

Yes. For example, if each instruction is x = 1 then there is
only one execution.
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How Many Different Executions?

There are k threads. Each thread executes n instructions. How
many different executions are there?

EECS 4315 10/31


www.cse.yorku.ca/course/4315/

How Many Different Executions?

(D))
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How Many Different Executions?

(7))
(kn)!  ((k—1)n)l  (2n)!

= n((k—=1)n)ni((k—2)n)!  ninl
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How Many Different Executions?

kn\ ((k—1)n 2n
G
B (kn)! (k—=1)n)!  (2n)!
= n((k—=1)n)ni((k—2)n)!  ninl
(kn)!
()~
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How Many Different Executions?

kn\ ((k—1)n 2n

()27 (3)

B (kn)! ((k—1)n)! (2n)!

= n((k—=1)n)ni((k—2)n)!  ninl

(kn)!

(nh)F

kn((kn—1)---(kn—n+1) 2n2n—1)---(n+1)

n! n!
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How Many Different Executions?

kn\ ((k—=1)n\ (2n
G

(kn)! (k—=1)n)!  (2n)!
nl((k — 1)n)! ni((k —2)n)! ~ ninl

_ ()!
~ (myF
_ kn((kn—1)---(kn—n+1) 2n(2n—1)---(n+1)
n! n!
<2n(2n—1)~-(n+1)>k
- n!
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How Many Different Executions?

kn\ ((k—1)n 2n
()27 (3)
(kn)! ((k—1)n)! (2n)!
nl((k — 1)n)! ni((k —2)n)! ~ ninl
(kn)!
(nh)F
kn((kn—1)---(kn—n+1) 2n2n—1)---(n+1)
n! n!

- <2n(2n—1)|~-(n+1)>k
o n!

~/2n@n—1)---(n+1)\*
- ()
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How Many Different Executions?

kn\ ((k—=1)n\ (2n
G

(kn)! (k—=1)n)!  (2n)!
nl((k — 1)n)! ni((k —2)n)! ~ ninl

_ (!
~(nh)k
_ kn((kn—1)---(kn—n+1) 2n2n—1)---(n+1)
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How Many Different Executions?

There are k threads. Each thread executes n instructions. How
many different executions are there?

In the worst case, more than nk. I

The number of different executions may grow exponential in the
number of threads.
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Execution

An execution consists of states connected by transitions.

OnOnOntn®
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A state of a Java virtual machine (JVM) includes
@ the heap,

@ for each thread

e its state (runnable, waiting, terminated, .. .),
o its stack,
@ etc,

@ etc.

https://docs.oracle.com/javase/8/docs/
platform/jvmti/jvmti.html
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Transition

A transition of a JVM takes the JVM from one state to another
by executing a bytecode instruction.
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public class HelloWorld
{

public static void main(String[] args)

{
System.out.println("Hello World");
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Java Bytecode

The command
javap —-c HelloWorld.class
produces

0: getstatic

// of attribute System.out
// of class PrintStream

3: 1ldc

// String "Hello World"

5: invokevirtual

// of method println

// with argument String

8: return
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Java Code and Execution

public class HelloWorld
{

public static void main(String[] args)

{
System.out.println("Hello World");

}

Qgetstatic /—\ Idc mmkevirtug/—\ return Q
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public class RedOrGreen
{
public static void main(String[] args)
{
Random random = new Random();
if (random.nextBoolean())
{
System.out .println("Red");
}
else

{

System.out.println ("Green");

EECS 4315 19/31


www.cse.yorku.ca/course/4315/

Java Bytecode

0: new

3: dup

4: invokespecial
7: astore_1

8: aload 1

9: invokevirtual
12: ifeq

15: getstatic

18: 1ldc

20: invokevirtual
23: goto

26: getstatic

29: 1ldc

31: invokevirtual
34: return
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Executions

Draw the state-transition diagram. l
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Executions

Draw the state-transition diagram. l

O-O-O-0O-
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public Printer (String name)

{

super (name) ;
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Java Bytecode

0:
1:
2:
5:

aload O
aload 1
invokespecial
return
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public void run()

{

final int NUMBER = 1000;
for (int i = 0; i < NUMBER; i++)
{
System.out .print (this.getName());
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Java Bytecode

sipush
istore_1
iconst_0
istore 2

goto

getstatic

12: aload_0

13: invokevirtual
16: invokevirtual
19: iinc

22: iload 2

23: sipush

26: if_icmplt

29: return

O o bk WO
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public static void main(String[] args)

{

Printer one = new Printer("1");
Printer two = new Printer ("2");
one.start () ;
two.start ();
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Java Bytecode

0: new

3: dup

4: 1ldc

6: invokespecial
9: astore 1

10: new

13: dup

14: 1dc

16: invokespecial
19: astore_2

20: aload 1

21: invokevirtual
24: aload 2

25: invokevirtual
28: return
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Executions

Draw the state-transition diagram. l

EECS 4315 28/31


www.cse.yorku.ca/course/4315/

Executions

QHQ_,H
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State Space Explosion Problem

Problem

The size of the state space, that is, the number of states, may
grow exponentially in the number of threads.
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State Space Explosion Problem

Problem
The size of the state space, that is, the number of states, may
grow exponentially in the number of threads.

This is one of the major challenges in model checking.
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Model Checking

Develop a model (states connected by transitions) of the code
and check properties of the model.
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