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ABSTRACT

SAINT, Systems Analysis of Integrated Networks of
Tasks, is a nctwork modeling and simulation tech-
nique designed to assist in the desipn and analysis
of complex man-machine systems. SAINT provides the
conceptual framework for representing systems that
consist of discrete task elements, continuous state
variables, and interactions between them. It facil-
itates the assessment of the contribution system
components make to overall system performance.

INTRODUCTION

SAINT is a computer simulation tool for modeling
and analyzing man-machine systems. SAINT consists
of a symbol set for modeling systems and a computer
program for analyzing such models. While SAINT was
designed for modeling manned systems in which human
perforuwance is a major concern, it is potentially
applicable to a broad class of problems--those in
which discrete and continucus elements are to be
portrayed and the behavior exhibits time varying
properties. SAINT provides a mechanism for describ-
ing these dynamics so analyses can be performed.

SAINT evolved from two separate technologies. Task
analysis and the Monte Carlo simulation of operator
performance under workload stress as represented by
Sicgel and Nolf(]), were the origin for the human
factors development. Many of the features eventu-
ally incovporated into SAINT were identified as
requirements bascd upon experience in applying this
technology. The second origin of SAINT was in the
GASP family of simulation techniques developed by
Pritsker & Associates (e.g., GASP IV and P-GERTS,
(2,3). The earliest version of SAINT was an
incorporation of the Siegel-Wolf model in a modi-
fied P-GERT package. The subsequent evolution of
SATNT adapted features of GASP IV and allowed SAINT
to become a flexible, sophisticated, combined
modeling technique where networks of discrete
cvents could be modeled along with the dynamics of
continuous processes.

[t is this abiiity to combine models of dynamics
€.y aiveraft cquations of motion) with models of
discrete activity sequences (e.g., operator actions)
that perait the systems analyst to describe boih

Indiana

hardware and human performance in the context of a
single model. This affords the system engineer the
opportunity to analyze system ¢ff{ectiveness and

isolate and hopefully quantifv the relative contri-
butions of man and nachine. The SAINT concepts and

termino]ogy for performing such sirulation analyses
are described herein.

SAINT CONCEPTS

A graphical-network approach to modeling is taken,
whereby a user of SAINT describes the system to be
analyzed via a network model and auxiliary descrip-~
tions (e.g., equipment and operator performance
parameters). The SAINT computer simulation program
accepts a description of the network to be simulated
and automatically performs an analysis to obtain
statistical estimates of system performance.

A SAINT model contains two basgic components. The
discrete task-oriented component of the model is a
network consisting of nodes, branches, resources,
and information. The continuous state variable
component is comprised of the mathematical descrip-
tions of variables whose values change continucusly
over time. In addition, SAINT provides concepts
for modeling interactions between the discrete task-
oriented and continuous state variable components.

Discrete Task-Criented Model Component

The discrete task-oriented component of the SAINT
model is prepared in nctwork form. The network
consists of nodes and branches, each node represnting
a task. Tasks are described by a set of charactev-
istics (e¢.g., performance time duration, prioritv,
recource requirements). Branches connecting the
nodes indicate precedence relations and arc used to
model the sequencing and looping requirements amon
the tasks. Cowplex precedence relations have been
designed into SAINT to allow predecesscr-successor
relationships which are deterministic, probabilis-
tic, and conditional. Resources, either hunean
operaters or hardware equipment, perform the tasks
in accordance with the prescribed precedence
relations, subject to resource availability.

"This rescarch has been gupported by the United States Air Force under contract no. F33615-76-0-5012




In addition to specifying predecessor-successor
requirements among tasks, the precedence relations
indicate the flow of information through the net-
work. TInformation is organized into packets with
each information packet containing attributes that
characterize the information being processed. The
informaticn packet can characterize items flowing
through the network, signals being processed by the
network, or any other concept related to network
flow. When a task is completed, the information
packet residing at the task is transmitted along
each precedence branch selected. Information
attribute values can be assigned or modified at any
task in the network and can influence both task
performance times and task branching relations.

Resources perform tasks either individually or in
groups. Each resource included in a SAINT model is
described by a set of attributes. These attributes
are also organized into packets, with each packet
characterizing a particular resource. Examples of
operator attributes include such things as level of
training, age, height, etc. Machine reliability is
an example of an equipment attribute. Resource
attributes are used in conjunction with the task
descriptions in order to make a general network
model resource-specific. The initial values of
these user-defined resource attributes are assigned
prior to the start of the simulation. The values
may be dynamically changed at any task in the net-
work and can be used as parameters in determining
both task performance times and precedence
relations.

In many instances it may be desirable to specify
attributes which are nct directly applicable to an
information-oriented or resource-oriented character-
ization. These attributes are global in nature and
do not flow through or move about the network as
information and resource packets do. These
attributes are defined as system attributes, with
one set of system attributes being associated with
a SAINT model. Temperature and time remaining in a
mission are examples of model parameters which may
be characterized as system attributes. Just as
with information and resource attributes, system
attributes may influence the task network perfor-
mance and flow.

Fach task in a SAINT network has two requirements
which must be satisfied before the task can be
performed. First, a specified number of predecessor
tasks must be completed before the task is released.
Second, once the task has been released, the
resources required to perform the task must be
available, (i.e., they are not busy performing
other tasks). All tasks which have been released
(all predecessor requirements have been satisfied)
but whose required resources are not available are
ranked in a queue according to their priority.

Task priority may be assigned at the start of the
simulation and may change dynamically as a function
of system parameters and contingencies. When the
required resources are made available due to task
completions, the tasks in the waiting queue are
started. The time to perform a task may be speci-
fied as a random variable defined by a probability
distribution. SAINT supplies the user with eleven

different distributions (Normal, Gamma, Beta,
Weibull, etc.).

Frequently the task performance time is also a
function of the type of task, the resource or
resources performing the task, the status of the
system, or the condition of the environment at the
time the task is executed. SAINT provides for the
specification of factors which influence task
performance via user-written moderator functions.
It is presumed the modeler can describe (e.g., by
least squares techniques) the functional relation-
ships between a set of conditions and a performance
parameter or attribute of interest. For example,
one might hypothesize that fatigue affects operator
performance such that the average task time in-
creases as a function of mission duration. The
results of laboratory studies should provide a
basis for postulating the form of this function and
data appropriate for modeling the relationship.
This empirically derived relationship can then be
implemented in SAINT as a moderator function to
determine the possible impact fatigue could have on
operator performance, and in turn, on total system
performance. In addition to moderator functions,
user-written functions can be developed for
specifying attribute assignments. Both types of
functions are written in FORTRAN or a FORTRAN-com-
patible language.

SAINT provides for the development of dynamic and
realistic system simulation models. Contingencies,
decision making, and emergency conditions can be
represented via SAINT's flexible attribute assign-
ment and branching logic. SAINT provides two
additional mechanisms for modeling dynamic system
performance.

The first of these is termed task modification.
This feature enables the user to modify task
parameters as a function of ongoing system events.
For example, consider a task which may require
repetition due to a possibility of failure on the
first attempt. The second time the task is performed
the performance time may be significantly smaller
than the initial execution. SAINT provides for the
modification of the task time distribution after
the initial attempt. Other task parameters can be
modified in a similar fashion.

Clearing is the second SAINT modeling construct.
Both tasks and resources can be cleared dynamically.
"Task" clearing halts a specified task in progress,
contingent on the completion of another task.
"Resource" clearing halts whatever task the
specified resource is performing. Both types of
clearing may specify an additional task to be
signaled. As an example, consider the simulation
of an emergency coundition in which all operators
must stop their ongoing activities to assist in the
emergency operations. This situation is best
modeled in SAINT with resource clearing. The onset
of the unexpected event would "free-up" (clear) the
operators. Concurrently, emergency handling tasks
would be initiated. Task and resource clearing
provide dynamic realism in man-machine simulation
modeling.

The symbol used to model a task in a SAINT netwerk
is illustrated in Figure 1. The input side of the
node reflects the precedence requirements for
releasing a task. The number of requirements for

releasing a task the first time is on the top (PR1)




and the number of requirements for releasing a task
on subsequent times is on the bottom (PR2).

The center portion of the task symbol shown in
Figure 1 contains all task description information,
such as performance time characteristics, statistics
to be collected, and attributes to be assigned. It
is subdivided into rows, with each row containing a
specific type of descriptive information about the
task. Further, each row is divided into two parts.
The left-hand part contains the task description
code. It is used to identify the type of informa-
tion that appears in the right-hand part of the
row, and can be any of the 17 available codes shown
in Figure 2. By using the description code, only
the information necessary to describe a task need

-be shown on the task symbol. In this manner, any

or all of the task description codes can be
specified for a particular task. If more than the
four rows provided are required for a complete
description, the user simply adds the necessary
number of additional rows to the bottom of the task
description portion of the task symbol.

The output side of the node contains the task
number (TSK). In addition, the shape of the output
side indicates the branching operation to be
performed upon task completion. It specifies the
process to be employed in selecting the successor
tasks whose precedence requirements should be
reduced by one. The four branching types included
in SAINT are deterministic, probabilistic,
conditional take-first, and conditional take-all.
Their shapes are depicted in Figure 3.

When deterministic branching is specified, the
number of requirements for all successor tasks is
reduced by one. For probabilistic branching, each
branch emanating from the task has an associated
probability of selection. These probabilities may
be specified directly or obtained from information,
operator, or system attributes. Only a single
successor task is selected. For conditional take-
first branching, each branch has an associated
condition, and the branches are ordered. Each
condition is tested in the prescribed order, and
the first branch whose condition is satisfied is
selected. Conditional take-all branching operates
in the same manner, but selects all branches whose
conditions are satisfied. Conditions may be based
on task completions, simulated time, or attribute
values.

The above discussion only included the basic task
node symbology. Additional symbolism is available
for task modification, task signaling as a result
of task or resource clearing, task signaling
resuiting from a threshold crossing, and state
variable monitors.

Continuous State Variable Model Component

The second component of a SAINT model is the state
varfable description. While variables describing
the task~oriented model component, such ag resource
busy/idle status, change values at discrete points
in time, state variables change values continuously
over time. The SAINT user defines these state
variables by writing the algebrafic, differential,

or difference equations that govern their time-
dependent behavior. The use of state variables in
SAINT is optional.

The SAINT user writes the state variable equations
in a FORTRAN subroutine (subroutine STATE). State
variables represented by algebraic or difference
equations are defined in subroutine STATE as SS(-)
variables. Those represented by differential
equations are¢ written in terms of DD(.) variables.
SAINT employs a Runge-Kutta-England (RKE) numerical
algorithm to integrate the equations of subroutine
STATE written in terms of the DD(-) variables (2).
The RKE algorithm obtains a solution to a set of
simultaneous first order ordinary differential
equations. Higher order differential equations can
be modeled by placing the equations in canonical
form. Subroutine STATE can be used to model state
variables using a combination of DD(:) and SS(-)
variables.

In SAINT, simulated time is advanced in accordance
with the type of system being modeled. If no state
variables are included, simulated time is advanced
from one task completion to the next. When state
variables are included in the model, time is also
incremented in steps between scheduled task comple~
tions for the purpose of updating the values of the
state variables. The step size is a function of
user~specified accuracy requirements.

Discrete and Continuous Component Interactions

SAINT provides the capabilities of discrete-event
simulation via the task-oriented network model
component. With the incorporation of methods for
modeling state variables, SAINT offers those
capabilities most often associated with analog or
continuous simulation. In addition, SAINT provides
a number of concepts for modeling and simulatiung
interactions between the discrete network and the
continuous state variable components.

The interactions between tasks and state variables
are initiated either by tasks being completed or by
state variables crossing specified threshold values.
Upon the completion of a task, state variables mav
be discretely regulated by increasing or decreasing
their values. 1In addition, task completions can
change the values of logical variables which can be
used to alter state variable equation forms or the
network structure., In this manner the discrete
task-oriented component of the model affects the
continuous state variable component.

Threshold crossings by state variables can signal
or initiate tasks. Thus the values of state
variables can influence task performance character-
istics and precedence relations. Threshold cross-
ings can also change the values of logical variables
which, in turn, can be used to alter equations foms
or change task precedence.

As an example of discrete and continuous component
interactions, consider a system in which a pilot
must keep the afrcraft altitude within specified
constraints. The pilot's inputs are modeled as
discrete tasks and the aircraft dynamics as
continuous state variables. When the altitude state
crosses the allowable threshold value, the
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corresponding discrete pilot correction task is
signaled. The pilot makes the appropriate input
and regulates the state variable(s) which determine
altitude. Thus, through this component interaction,
the aircraft altitude is brought back within
acceptable limits.

STATISTICAL OUTPUT

Once the model has been built, the modeler can
impose a data collection structure to obtain
information about his description of the system as
it is exercised. A variety of data can be obtained;
these fall into three major categories. The first
type of output is a statistical description of the
execution of specific nodes or collections of nodes.
Table I provides some insight into the variety of
possible measures one can create using the built-in
features of SAINT. Since users can create their
own functions for updating attributes and for
moderating network parameters, it has been necessary
to allow the user to collect his own statistics on
those parts of the model which cannot be predefined
because the user creates them himself. SAINT
supplies statistical subroutines for collecting
data on user-supplied parts of the model. Tabular
summaries of the computed descriptive statistics
can then be generated to portray the results of a
single iteration, a set of iterations, or a series
of iterated runs showing the trends induced by some
systematic variation of run conditions.

TABLE I
STATISTICS CODES

What When
Release | Start |Completion|Clearing

First FIR REL | FIR STA | FIR COM |FIR CLE

All ALL REL { ALL STA | ALL COM |ALL CLE

Between | BET REL | BET STA | BET COM |BET CLE

Number { NUM REL { NUM STA | NUM COM | NUM CLE

The second type of output is a graphic portrayal of
the probability and cumulative density functions
for a distributed variable. They provide a quick
look at the shape of the data. An experienced user
can store the actual values on an external device;
later, the data can be fed to a plotting package
for reproducible drawings.

The third type of output are time traces of the
state variables. Up to ten variables can be plotted
on the same graph with user specified scale factors
and plotting symbols. Tabled values of the
varfables may also be obtained. Here again, an
experienced programmer can save these data for more
precise plots, but the tabulated plot provided by
SAINT equips the user to quickly examine the
results of his simulation run.

THE SAINT PROGRAM

Development of the SAINT simulation package has
been completed and is fully documented (4,5,6,7).
SAINT was developed in ANST standard FORTRAN and,
consequently, is machine~independent. The user,
however, must supply his own system-specific random
number generator. The task network data is punched
on cards in free~form. SAINT includes an extensive
input error-checking feature to assist users in
debugging their models. For production runs, users
can select a more efficient nonerror-checking
version of SAINT.

SAINT_ APPLICATIONS

SAINT has been used to analyze a wide variety of
man-machine systems. The following is a list of
some of the organizations which have applied SAINT.
They have developed SAINT models in order to:

® Aerospace Medical Research Laboratory

- Evaluate alternative system configurations in a
multioperator Remotely Piloted Vehicle/Drone
Control Facility (RPV/DCF) in which operators
monitor and control the flight of RPV's through
the use of visual (CRT) displays (8).

~ Provide flight control performance predictions
for the Digital Avionics Information System
(DAIS) cockpit configuration in which dedicated
instruments, displays, and subsystem status
displays have been replaced with interactive
multipurpose displays and multifunction key-
board switching (9).

~ Analyze design proposals in a B-52 strategic
navigation system involving complex crew
activities and task management (10).

- Demonstrate a psychological model of the
theoretical stages of a choice reaction time
task (11).

e Air Force Human Resources Laboratory

- Explore the feasibility of employing computer
simulation for evaluating human effects on
nuclear systems safety in a missile loading
operation (12).

® Air Force Weapons Laboratory

- Examine workload sharing and nuclear radiation
effects on pilot performance in an air-to-air
refueling mission (13).

e Inland Steel Corporation

- Investigate the effect of higher degrees of
automation, different capacities of process
limiting operations, and alternative task
allocations on the operator's idle times in a
hot strip mill (14).
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e Marshall Space Flight Center

- Evaluate alternative task sequences and human
factors considerations in space shuttle mission
operations.

® School of Aerospace Medicine

-~ Provide crew vulnerability/survivability
estimates of B-52 flight missions subject to
nuclear radiation exposure.

e U.S. Dept. of Commerce Office of Telecommunications

~ Analyze communication frequency utilization in
a railroad switching yard.

e New Mexico State

~ Compare theoretical human perforumance
predictions with empirically derived
performance data (15).

CONCLUSTON

SAINT is a combined discrete/continuous network
simulation technique based on GASP IV and P-GERT.
It has the flexibility and complexity for modeling
a surprising variety of applications at virtually
any level of detail desired. These features
provide the systems engineer with unique capabil-
ities for modeling man-machine systems.

Additional information on the SAINT program and
associated documentation can be obtained by
contacting the authors.
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PR1 ’
TSK fi
’a
PR2
| 9
| P
INPUT TASK OUTPUT
SIDE DESCRIPTION | SIDE, !
| )
PR 1 number of predecessor completions
required for first release of the task
PR 2 number of predecessor completions required
for subsequent release of the task
TSK  task number

Figure 1. Task Symbol

LABL task label

TIME performance time characteristics
RESR resource requirements

PRTY priority

INCM information choice mode

DIFF different predecessor option
PREC completion precedence

ATAS attribute assignments

STCH system-specific characteristics
STAT statistics

MARK mark information

MODF moderation functions

DMOD distribution modification

TCLR task clearing

RCLR resource clearing

SWIT switching

REGL regulation

Figure 2. Task Description Codes

)4
DETERMINISTIC =k PROBABILISTIC

CONDITIONAL CONDITIONAL
(ALL)

Figure 3. Task Branching Symbolism




