An Architecture for Safe and Efficient Multi-threaded Robot Software

Peter Kazanzides1, Anton Deguet1, Ankur Kapoor1,2
1Department of Computer Science, Johns Hopkins University, Baltimore, MD

2National Institute of Health, Bethesda, MD

e-mail: pkaz@jhu.edu, phone: 410-516-5590, fax: 410-516-5553

Robot software is concurrent by nature: there are multiple joints and multiple control loops (Figure 1).  Concurrency can be achieved by multiple processes (on one or more computers) or multiple threads (within a process).  Most existing controllers use multi-processing; one compelling reason is that computation is often physically distributed.  We propose a new approach, where processing is centralized and I/O is distributed.  We contend that this is feasible due to advances in processor performance, especially multi-core architectures, coupled with the high data rates of modern serial networks.  This motivates our research in multi-threaded programming for robot control.
We are developing open source software for research in computer-integrated surgery (www.cisst.org/cisst).  This software supports multi-threaded robot control with efficient, lock-free, and thread-safe data exchange.  The task class contains a (periodic) thread, state table, and mechanisms for interaction. The design utilizes component-based software engineering concepts: all interaction occurs via interfaces (Figure 2).  A task can expose multiple interfaces; this is useful if the underlying hardware has multiple capabilities (e.g., robot and force sensor) or to support different access levels (e.g., full control vs. read-only).  We use the Command Pattern, where an interface provides services via command objects, to obtain loose coupling.  During startup, a task queries the interface connected to each port to obtain pointers to the command objects that implement the required services.  At runtime, it is only necessary to invoke the command object’s Execute method.  Commands are strongly typed by the number of parameters and whether the parameters are read-only or write-only.  The library supports the following command types: void (no parameters), read, write, and qualified read (read-only and write-only parameters).
Data exchange is performed via circular buffers that can be implemented in a lock-free manner (assuming atomic pointer updates) if there is one writer, but potentially many readers.  Commands (cmd) sent from one task to another are queued (Figure 3).  They cannot return a result because otherwise the client task would be blocked until the command is dequeued and executed.  Therefore, only void or write commands are allowed.  A return value, if needed, can be sent as the payload of an event, implemented as a write command.  To ensure a single writer, a new buffer is automatically allocated for every client, based on its thread id.  This occurs whether the clients connect to the same interface, as illustrated by A and B in Figure 2, or to different interfaces, as illustrated by A and C.
Each task maintains a State Table, which is a time-indexed circular buffer.  Here again, there is a single writer but potentially many readers.  The library provides features that automate the storage of data in the State Table, thereby reducing the programmer’s burden.  Client tasks can read from the State Table.  Mutual exclusion is assured because the read uses a time index that is one less (older) than the write index.  These state reads are implemented using read and qualified read commands, where the latter allows a parameterized read (e.g., to specify an older time index).
[image: image1.emf]Supervisory/Trajectory 

Control (~100 Hz)

Application

(non-real-time)

Hardware

Read Sensors

Compute Joint 

Goals

Compute Goal 

on Trajectory

Interpolate 

Setpoint

Compute 

Control

Read Sensors

Servo Control

(~1000 Hz)

Application

API

Supervisory/Trajectory 

Control (~100 Hz)

Application

(non-real-time)

Hardware

Read Sensors

Compute Joint 

Goals

Compute Goal 

on Trajectory

Read Sensors

Compute Joint 

Goals

Compute Goal 

on Trajectory

Interpolate 

Setpoint

Compute 

Control

Read Sensors

Servo Control

(~1000 Hz)

Application

API

[image: image2.emf]Task D

Task A

Task B

Interface 

(provides)

Port 

(requires)

Port 

(requires)

Port 

(requires)

Port 

(requires)

Interface 

(provides)

Task C

Port 

(requires)

Task D

Task A

Task B

Interface 

(provides)

Port 

(requires)

Port 

(requires)

Port 

(requires)

Port 

(requires)

Interface 

(provides)

Task C

Port 

(requires)

[image: image3.emf]Task 3

queue

state

event

cmd

state

event

thread

State 

Table

Task 1

queue

State 

Table

thread

queue

queue

Task 2

queue

State 

Table

thread

queue

queue

cmd

Task 3

queue

state

event

cmd

state

event

thread

State 

Table

Task 1

queue

State 

Table

thread

queue

queue

Task 2

queue

State 

Table

thread

queue

queue

cmd

Command Types Usage

void, write event

read, qualified read state

void, write cmd

Command Types Usage

void, write event

read, qualified read state

void, write cmd

We are using this software for several medical robots, including recent work on a Surgical Assistant Workstation (SAW).  Future development includes integration of middleware to enable communication between tasks in different processes.
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Figure 1: Typical robot control architecture
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Figure 2: Task interfaces
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Figure 3: Tasks interconnections








