
Principles of
Real-Time Programming

www.eecs.berkeley.edu/~cm

Christoph M. Kirsch 

UC Berkeley

Embedded Systems Summer School in Salzburg



© 2003  C. Kirsch   -2-

Real-Time Software Development

Model

Program

Code

Machine

Programming

Compilation

Scheduling Execution

Debugging

SimulationV
al

id
at

io
n

Im
plem

entation



© 2003  C. Kirsch   -3-

Environment

Software

Real Time

Soft Time

Real Time vs. Soft Time

Software Processes

Environment Processes



© 2003  C. Kirsch   -4-

Environment

Software

Real Time

Soft Time

The Art of Real-Time Programming

Real-Time Programming



© 2003  C. Kirsch   -5-

What is a Real-Time Program?

Tasks ConcurrencyReal Time

Real-Time Program

what

howwhen

1. Sequential Code

3. Scheduler2. Interrupt Handler



© 2003  C. Kirsch   -6-

Real-Time Programming

Model

Tasks

Processor Scheduler

Ordering

Reactor

Event

Real-Time Program

compile

execute applyhandle

sorttrigger

typically
hand-coded

schedulability
analysis



© 2003  C. Kirsch   -7-

Triggering & Scheduling & Computing

Tasks

Processor

SchedulerOrdering

ReactorEvent

Disabled
Code

Enabled
Code

Running
Code



© 2003  C. Kirsch   -8-

Environment

Software

Sensing, Computing, Actuating

Event Reaction

Real Time

Soft Time

TaskSensing Actuating



© 2003  C. Kirsch   -9-

Environment

Software

Scheduling Problem

Deadline

Real Time

Soft Time

Soft-Time ≤ Real-Time

Task

Response Times
Event



© 2003  C. Kirsch   -10-

Environment

Software

Concurrency

Real Time

Soft Time

Soft-Time ≤ Real-Time

Task A

Task B
DeadlineEvent

Reaction A

Reaction B



© 2003  C. Kirsch   -11-

Environment

Software

Problem: Time

Event
Real Time

Soft Time

Schedulable but not Compositional

Task A

Task B

Reaction A

Reaction B

Deadline



© 2003  C. Kirsch   -12-

Environment

Software

Problem: Value

Event
Real Time

Soft Time

Schedulable but not Compositional

Task A

Task B

Reaction A

Reaction B

Deadline



© 2003  C. Kirsch   -13-

Environment

Software

Real Time

Problem: Unbounded Soft Time

Critical Section
L

H
Critical Section

Priority Inversion



© 2003  C. Kirsch   -14-

Environment

Software

Real Time

Problem: Unbounded Soft Time

Critical Section
L

H

M
“Heavy Load”



© 2003  C. Kirsch   -15-

Environment

Software

Real Time

Analysis

Critical Section
L

H
Critical Section



© 2003  C. Kirsch   -16-

Trivial Reactor, Complex Scheduler

SchedulerOrdering

ReactorEvent

Disabled
Code

Enabled
Code

Running
Code

Tasks

Processor



© 2003  C. Kirsch   -17-

Environment

Software

The Synchronous Model

Event Event

Real Time

Soft Time

Soft-Time = 0

ReactionReaction



© 2003  C. Kirsch   -18-

Environment

Software

A Synchronous Implementation

Event Event

Real Time

Soft Time
Response Times

Synchronous but not Compositional



© 2003  C. Kirsch   -19-

Environment

Software

Synchrony

Input Output

Real Time



© 2003  C. Kirsch   -20-

Tasks

Processor

Scheduler

ReactorEvent

Disabled
Code

Enabled
Code

Running
Code

Ordering

Complex Reactor, Trivial Scheduler



© 2003  C. Kirsch   -21-

Environment

Software

Programming Abstraction

Input

Real Time

Soft Time

Soft-Time = Real-Time

Task
Output

10ms



© 2003  C. Kirsch   -22-

Environment

Software

Driver vs. Task

Real Time

Soft Time

TaskSensor Driver Actuator DriverS A

Input Output



© 2003  C. Kirsch   -23-

Environment

Software

Synchronous vs. Scheduled Computation

Input Output

Real Time

Soft TimeSynchronous Drivers

TaskSensor S A Actuator

Scheduled Task



© 2003  C. Kirsch   -24-

Environment

Software

Environment-triggered Programs

Event Reaction

Real Time

Soft Time

TaskSensor Driver Actuator DriverS A

Task



© 2003  C. Kirsch   -25-

Environment

Software

A Time-Safe Implementation

Input

Real Time

Soft Time
Wait Times

Task
Output

Time Safety Implies Time Determinism



© 2003  C. Kirsch   -26-

Environment

Software

Parallel Composition

Real Time

Soft Time

Soft-Time = Real-Time

Task A

Task B
Event

Reaction A

Reaction B



© 2003  C. Kirsch   -27-

Environment

Software

Implementation

Real Time

Soft Time

Compositional wrt. Time Determinism

Task A

Task B
Event

Reaction A

Reaction B



© 2003  C. Kirsch   -28-

Environment

Software

Let’s Program

Real Time

Soft Time

Reactor

Task A

Task B
Scheduler



© 2003  C. Kirsch   -29-

The Embedded Machine

Tasks

Processor

SchedulerOrdering

E MachineE Code

Disabled
Code

Enabled
Code

Running
Code



© 2003  C. Kirsch   -30-

Embedded Machine

Environment

Software

Reactivity and Proactivity

Scheduler



© 2003  C. Kirsch   -31-

Environment

Software

Real Time

Example

s t a

Soft Time10ms



© 2003  C. Kirsch   -32-

Environment

Software

Real Time

E Code

call(s) s



© 2003  C. Kirsch   -33-

Environment

Software

Real Time

E Code

call(s)
schedule(t)

s t



© 2003  C. Kirsch   -34-

Environment

Software

Real Time

E Code

call(s)
schedule(t)

s t

future(10,b)



© 2003  C. Kirsch   -35-

Environment

Software

Real Time

E Code

call(s)
schedule(t)
future(10,b)

call(a)b:
s t a



© 2003  C. Kirsch   -36-

Environment

Software

Real Time

Time Safety or Runtime Exception

call(s)
schedule(t,e)
future(10,b)

call(a)b:
s t a’

call(a’)e:



© 2003  C. Kirsch   -37-

Environment

Software

Real Time

Compositionality and Time Safety

s t a’ call(s’)
schedule(t’)
future(10,c)

call(a’)c:

t’

s’ acall(s)
schedule(t)
future(10,b)

call(a)b:



© 2003  C. Kirsch   -38-

The Scheduling Machine:
EMSOFT 2003 in Philadelphia

Tasks

Processor

S MachineS Code

E MachineE Code

Disabled
Code

Enabled
Code

Running
Code



© 2003  C. Kirsch   -39-

Summary

Model

Tasks

Processor S Machine

S Code

E Machine

E Code

Real-Time Program

compile

execute executeexecute

sorttrigger

compile
time safety

check


