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ABSTRACT 
By combining the best of automated and human 
decision-making in scheduling many 
advantages can accrue. The joint performance 
of the user and system is potentially much 
better than either alone. Features of the 
MAESTRO scheduling system serve to 
i I I u st rat e concepts of use r/sof tw are 
cooperation. MAESTRO may be operated at a 
user-determinable and dynamic level of 
autonomy. Because the system allows so much 
flexibility in the allocation of decision- 
making responsibilities, and provides users 
with a wealth of information and other 
support for their own decision-making, 
better overall schedules may result. 

INTRODUCTION 
In complex space applications Artificial 
Intelligence software is often embedded into a 
large hardware/software/human system to 
support a target function (Perkins & 
Jruszkowski, 1990), such as fuel loading 
(Delaune et al, 1985), manifesting (Hankins 
et al, 1985), ground resource allocation 
(Durham et al 1990), or scheduling of on- 
board activities (Ruitberg & Ondrus, 1990). 
There is a functional division of labor between 
the various parts of the large system, and AI 
software can take on any of a variety of roles. 

The distribution of d e c i s i o n - m a k i n g  
responsibilities between AI (or other 
software) systems and people is of particular 
interest. A system may be used primarily to 
automate tasks which are repetitious or 
boring, e.g. telemetry monitoring (Basile, 
1988). Such a system generally provides 
summarized data, alerts and alarms to a 

MAESTRO is a proprietary product of Martin 
Marietta Corporation. 
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human operator. In this case, a minimum 
amount of decision-making is performed by 
the system - it filters and to a limited extent 
interprets the information for the operator. 
However, the operator bears the brunt of 
responsibility for making decisions in this 
type of system. Sophisticated user interfaces 
can enhance the overall decision-making 
p e r f o r m a n c e  o f  t h e  l a r g e  
(hardware/software/human) system by 
supporting the user with well analyzed, 
clearly presented and easily accessible 
information that supports the operator's 
decision-making process. 

An increased role in the decision-making 
process is realized with advisory AI systems. 
These systems perform various roles in the 
decision-making process - some provide 
occasional critiquing and advice on a user's 
performance, as with design assistants 
(Lemke & Fischer, 1990) . Other systems 
provide constant input and oversight, as in 
some intelligent tutoring systems (Anderson 
et all 1990). Some systems perform most of 
the requisite reasoning for a task, and 
recommend courses of action. The user may 
query the system for lines of reasoning or 
justifications, and has the final authority to 
follow or reject the system's advice 
(Shortliffe, 1984). In these advisory 
systems, the systems perform much of the 
reasoning upon which decision-making is 
based, but the ultimate decision and 
responsibility rests with the operator. 

Few systems fully automate all decision- 
making. Those that do usually have timing 
requirements that preclude human 
interventions, such as process control (e.g. 
DISPATCHER, described in Kempf et al, 
1991), or have strict requirements for 
autonomous operations, such as some concepts 
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ars Rover. This is partly due to the 
brittleness of AI techniques in boundary 
cases, and partly due to reluctance on the part 
of potential users to accept totally autonomous 
decision-making by software systems. 

In recent work with our scheduling system, 
AESTRO, we have been developing interface 

support which allows the user to flexibly and 
interactively vary the division of decision- 
making responsibility between the user and 
the system, from use of the system as a 
decision support tool to operation of the 
system in a fully autonomous mode. (Fox 
[I 9891 also discusses mixed-initiative 
scheduling, but from a somewhat different 
perspective). There are two main 
considerations motivating this approach. The 
first concerns achieving the best overall 
system performance - i.e. generating the best 
schedules possible given both the human and 
computing resources that can be brought to 
bear on the problem. The second has to do 
with user acceptance, i.e. how willingly 
schedulers will accept the schedules produced 
by the system. 

For many space applications, (e.9. onboard 
experiment scheduling, ground processing for 
the shuttle) the quality . of the scheduling 
process has important implications for 
operational cost, productivity, and crisis 
avoidance. Scheduling in complex, resource- 
constrained domains is an extremely hard 
problem. Currently, realistic scheduling 
problems are not solved well by either 
entirely manual or entirely automatic 
systems. At least in the near term, it does not 
seem feasible to automate certain aspects of 
human scheduling performance. This appears 
to be due to the multiplicity of potentially 
conflicting goals for a given schedule, and the 
many and diverse strategies that people can 
flexibly bring to bear on a particular 
scheduling problem. On the other hand, 
efficient scheduling in complex domains is 
beyond the capabilities of people unaided by 
computer systems. Even with aiding systems 
that perform primarily bookkeeping andlor 
follow standard operations research 
techniques, scheduling performance can be 
poor for complex applications. 
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People and software systems, even artificial 
intelligence systems, display strikingly 
different strengths and weaknesses. In many 
cases the best performance for an AI system is 
found by not performing tasks the same way a 
person would (e.9. chess programs, Hsu et al, 
1990), but by taking advantage of the 
strengths inherent in computers, such as 
enormous amounts of memory. People, on the 
other hand, perform far better than software 
systems in a variety of ways. 
importantly for scheduling problems, 
are far more flexible in their reasoning 
strategies. By combining the best of 
automated and human decision-making in 
scheduling many advantages can accrue. The 
joint performance of the user and system is 
potentially much better than either alone. 
Users can act as high level managers, 
selecting, enforcing, and switching between 
global strategies, or tweaking system 
performance according to their own knowledge 
and experience. The system, on the other 
hand, can contribute memory, perform 
limited brute force searches, do local 
optimizations, and carry out prespecified 
scheduling strategies. It is t always the case 
that joint decision-making ill be superior to 
either fully manual or fully automatic 
scheduling - e.g. instances where scheduling 
strategies are easily specified and entirely 
inflexible can easily be handled by a fully 
automatic system. However, even in cases 
where fully automatic and joint decision- 
making do not produce significantly different 
schedules, user acceptance for schedules that 
have been jointly generated will be much 
higher. There is also potential for migration 
of user strategies into the software and for 
increased user directability of the software as 
it evolves. 

Effectively, then, we are trying to create an 
overall system that gives us the best of both 
worlds - human intelligence and automated 
intelligence merged. This paper is a report on 
what this could mean in practice, and how we 
are developing a user interface to support 
this. 

The remainder of the paper is divided into 
four main sections. The first section provides 
a description of the resource-constrained 
scheduling problem. The next section 



AESTRO scheduling system. In 
the third section, flexible interactions with 
MAESTRO supported by the user interface 
serve to illustrate concepts of user/software 
cooperation. Examples are given which 
illustrate the points made above. Finally, we 
derive some general conclusions from this 
work. 

HEDULlNG PROBLEM 

Resource-constrained scheduling is the 
fixing of activities on a timeline such that 
those activities may be performed at the times 
specified by the schedule. This entails the 
coordination of requisite resources, the 
availabilities of required ambient conditions, 
and the interleaving of activities which 
compete for resources. 

Take as an example the astronomical mission 
last December (1 990) onboard the shuttle 
Columbia, STS-35 (ASTRO-1 and BBRXT). 
For the astronomical mission itself there 
were four main instruments, three of which 
shared a pointing system. The instruments 
were controlled by both ground and onboard 
crew, and the ground control was often 
distributed between NASA centers (MSFC, 
GSFC and JSC). For any given experiment, at 
least one instrument was in use, with 
associated requirements for power, thermal, 
computer and communications. Additional 
resource requirements for the same 
experiment included onboard and ground crew 
support, sometimes from multiple centers, 
target (star) visibility, and certain other 
conditions (e.g. pointing system stability, 
absence of the South American Anomaly). All 
of these requirements had to be met 
s imu l taneous ly  in order to achieve a 
successful observation. Each observation 
could be in contention with others for 
resources such as instruments, crew, 
pointing orientation, or computational time. 
So a schedule had to ensure both that 1) the 
resources for one experimentlobservation 
were fully coordinated, and 2) no resource or 
other conflicts existed between activities as 
scheduled. In addition, some observations 
required coordination between instruments, 
further complicating the scheduling process. 
Moreover, the astronomical mission was only 

part of the overall operation of the shuttle. 
The experimental program competed with 
other shuttle activities for limited resources 
such as crew, computer and communications 
time. 

On a mission such as this, every potential 
observation minute is precious, so schedule 
validity and efficiency are paramount 
requirements. Efficiency is produced by 
packing the schedule as tightly as possible, 
which generally means performing as many 
o bse rvat io ns/o per atio n s co ncu r re n t I y as 
possible. Unfortunately, scheduling problems 
such as this are computationally intractable 
using pure optimization techniques. For a 
variety of reasons, artificial intelligence 
techniques provide the most promising 
approach to automating the scheduling process 
(Geoffroy et al, 1990). 

Over the last several years we have been 
exploring the use of AI techniques for 
resource-constrained scheduling problems. 
We have developed a sophisticated, intelligent 
scheduling approach embodied in the MAESTRO 
system, which has been demonstrated in 
several prototype applications. The challenge 
of sharing intelligence between the user and 
the system has been a primary focus of our 
recent work. 

It is important to emphasize that it is the 
richness of the representation and reasoning 
strategies already embedded in MAESTRO that 
make it possible to support profitable 
interactions with users. Three main elements 
are required to support joint operator- 
system decision-making. First, the system 
must possess a rich, detailed representation 
of the domain. This indepth representation is 
required to supply both the user and the 
system with the basic information that 
enables intelligent decision-making. Second, 
the system must possess sophisticated 
reasoning strategies. For software to be a 
useful partner in intelligent decision-making 
(in contrast to being useful as a decision 
support tool) it must bring its own useful 
skills to the table. Third, the system must 
have mechanisms for sharing its information 
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d reasoning 
ithout these thr 

possible by empha 
representations, a 
strategies which 
representations, The approach we have 
followed - inform lion rich representations 

ith sophisticate reasoning strategies - 
makes the; system suitable for joint 
intelligent operations with users. 

decision-making 
8 and the user can be 

flexibly merged at the user's direction. 

ways of reducing the computational 
complexity of the scheduling task 
to achieve high-quality schedules. 
under development since 1986. A detailed 
description of the AESTRO system is 
required here to provide a basis for 
understanding the kinds of interactions a user 
may have with the system. 

s as inputs activity 
eriod, profiles of 
ons profiles, and a available resources, 

list of activities requested for sche 
system outputs a tirneline of 
activities, updated resource 
profiles, simple evaluations of the comp 
schedule, and a listing of activities' success 
level by priority. 

Activities are modeled as ordered series of 
subtasks, each of which must be performed in 
the order specified to accomplish fthe activity. 
Temporal relationships which are required 
between a subtask an any other subtask 
(within the same activity or in a different 
activity), event, or absolute time may be 
specified within the activity model. 

CONTINUOUS FLO 
LECTROPHORISIS 

Run preparation through sterilization 
Flush 
Power up and get ready 
Run 
Flush buffer solution 
Power down and remove sample 
Extract 
Centrifuge 
Culture preparation 
Incubation 
Separation 
Stain and analyze 
Package and freeze 

Jriority: 1 
f runs requested: 4 
re~ations~ Packaging subtask must be 

:ompleted at least 3 hours before loading of returning 
naterials on the shuttle. 
soft constraints: Maximize duration of Run subtask, 
ninimize delay between Extract and Centrifuge 
;ubtasks, begin experiment as early as possible. 

task: FLUSH BUFFER SOLUTION 
Parent task: Continuous Flow Electrophorisi 
Min duration: 35 min 
Max duration: 35 min 
Min delay: 0 min 

ax delay: 0 min 
Equipment used: 

Fluid handling tools 1 
General tools 1 
EqA09 chamber 1 

Crew 1 
Power 100 w 
Heat rejection 100 w 

H20 10 I 

Resources required: 

Consumables: 

Figure 1. Panel A shows an example of an activity 
description, B shows a sample sub-task description 
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Additionally, each activity has some baseline 
priority (e.g., life support activities are 
more important than experimental 
activities), and may be requested for some 
repeated number of performances. Any 
activity that can be modeled as a series of 
subtasks, each with resource and 
environmental requirements, can be 
represented by the system. 

Each of the activity's subtasks is in turn 
represented as an entity with a specified (but 
perhaps variable) duration, a specified delay 
(again possibly variable) between it and the 
preceding subtask, and a specification of the 
resource and environmental conditions 
requirements that must be met to perform 
that subtask. Figure 1A shows a partial 
description of the information resident in an 
activity description, and Figure 1 B 
illustrates a partial representation of a 
subtask for the activity shown in Figure 1A. 

The representation of activities allows for the 
specification of both hard constraints - those 
which must be absolutely satisfied, and soft 
constraints - preferences which can be 
ignored if necessary. So for instance, a 
particular experiment may be required to 
occur during daylight hours only (a hard 
constraint), with a preference for around 10 
a.m. (a soft constraint). 

To build a schedule, the system: 
(1) creates sets of related activities based 

on any specified temporal relations between 
activities; 

(2) selects an activity set to place on the 
schedule; 

(3) for each of the activities in the set: 
(3a) places the activity in a valid slot 

(Le., a region on the timeline where all 
timing, resource, and condition requirements 
are satisfiable); and 

(3b) updates the resource profiles 
according to the usage predicted for that 
activity; 
and then repeats this process (steps 2 & 3) 
until no more activities may be validly 
scheduled. 

One of the most important features of the 
MAESTRO system is the method by which we 
determine whether and where on a schedule an 

activity may be placed. On every scheduling 
cycle the opportunity for each activity is 
determined. The opportunity calculation 
specifies all and only those points on the 
timeline where each subtask in every activity 
may start and end, considering all resource 
requirements for each of the subtasks, and the 
required temporal relations between an 
activity's subtasks. This means that all 
possible solutions are represented, and no 
point is specified that could not be used in a 
potential solution. We can use this measure 
for two purposes. The first is to derive from 
this a secondary measure of how hard it is to 
schedule an item, given the current schedule 
and remaining resources. Difficult to place, 
highly constrained items will have low 
opportunity, and this information can be used 
to make intelligent decisions about what to 
select to schedule on a given scheduling cycle. 
Second, given that we know all possible start 
and end times for each subtask, we can use 
this to make decisions about how to place 
items on the timeline. It is possible, for 
instance, to find the earliest or latest possible 
start for a subtask, or the longest possible 
runtime for a data collection subtask. This 
information is critical in much of the 
intelligent decision-making that the system 
currently performs, and is the basis on which 
many more intelligent heuristics may be 
built. 

Note that the ability to identify all possible 
placements using this method assumes that 
each activity may be placed independently of 
other, as yet unscheduled, activities. This 
becomes an important point in scheduling 
activities that bear some temporal relation to 
one another (e.g., cyclically recurring 
activities, or multiexperiment campaign 
science projects). Additional scheduling 
strategies have been implemented to 
accommodate such relationships so that items 
constrained in these ways are likely to be 
successfully scheduled where possible. Britt 
et al (1990) gives a more complete 
description of temporal relations management 
within MAESTRO. 

Contingency rescheduling operations are 
supported in MAESTRO. The system uses 
information about the current schedule, the 
projected violation (e.g., a resource deficit), 
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the time of the violation relative to current 
real time, and characteristics of the scheduled 
activities to determine what activities need to 
be altered or descheduled to accommodate the 
contingency. Heuristics relating to various 
rescheduling goals help determine which 
items will be altered. Knowledge about the 
activities' current states, potential repairs 
(e.g., interruptability), and performance 
requirements are used to make deschedule, 
repair, and/or reschedule decisions. 
Activities that are in progress during a real- 
time contingency receive special treatment to 
synchronize schedule fixes into real-time 
operations. The system also synchronizes 
schedule changes with subsystems when the 
contingencies are real-time or near real- 
time. 

SUPPORTING THE USER IN JOINT 
D ECI S IO N-M AKI N G INTER ACT1 ON S 

MAESTRO was originally designed to work 
autonomously, and the description of 
MAESTRO given above presents MAESTRO as it 
operates in an autonomous decision-making 
mode. In this mode, there is little user 
control  beyond some parameter 
specifications, such as weightings on decision 
criteria. As the project matured, it became 
apparent that: 

a) MAESTRO occasionally did stupid 
things, and a little user intervention could go 
a long way, and 

b) experienced schedulers could get a 
lot of mileage using partial results of 
MAESTRO'S reasoning processes (e.9. 
identification of opportunity windows), while 
imposing their own strategies during the 
scheduling process, and selectively 
intervening in the scheduling process. 

seemed best, and take over decision-making 
responsibilities when skil led human 
judgement would produce superior results. 

This required major changes in the user 
interface and some of the control flow in the 
system. The user interface must provide 
support for different allocations of 
user/system responsibility2. This includes 
support appropriate to each level of 
interaction, p lus mechanisms for 
transferring decision-making responsibility 
between the user and the system. Because the 
system is rich in available information, and 
in the number of control options available to 
the user, accessibility of information and 
control through the user interface is a key 
issue. Hence, the discussion begins with a 
description of information accessibility. This 
is followed by a description of the kinds of 
support the user receives for different 
divisions of user and system control. 
Subsequently, we describe how levels of 
control can be intermixed and varied during a 
scheduling session. Finally, an example is 
given of how this works for an instance of 
contingency handling. 

In for ma tion Accessibility 
In supporting effective joint decision- 
making, the access to information is as 
important as the access to control commands 
themselves. The structure provided to the 
user in navigating through the system to 
access information and control is key to 
successful overall performance. The 
MAESTRO user interface provides convenient 
access to enormous amounts of information 
and system control. The interface is organized 
to provide users with guidance and structure 
without unnecessarily restricting their 
actions. 

In short, the intelligent behavior of joint 
user/system decision-making could be a big 
improvement over their behavior in  
independent operation. The way to achieve 
this was to provide the user with the means of 
selectively and flexibly driving the division of 
responsibility. The user could then allow the 
system to perform autonomously when that 

Note that there is an underlying assumption 
that the operator of the system is also a 
sophisticated scheduler. To participate in 
profitable joint problem-solving, both the user 
and the system must bring useful knowledge 
and skills to the table. This is not to say that the 
user should be obliged to know much about 
computers, beyond knowing how to run an 
applications program. 
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There are more than 70 commands which a 
user can access through the user interface. 
These include both querying functions, such as 
resource displays, and controlling functions, 
such as activity selection. The user interface 
is organized to support easy discovery of, 
access to and use of the various options. 
Commands have been topically organized into 
hierarchical menus. The scheduler screen, 
for instance, has six major menu headings - 
"Screens", "Library", "Scheduler", "Gantt 
Chart", "Resources", and "Reports" (see 
Figure 2). Each of these provides relevant 
sub-menus, some of which are themselves 
topically organized. So, for instance, under 
the "Library" menu, the items are divided 
between 'I Pe r m a n e n t " and "Snapshot " 
operations. Where a given command requires 
the user to supply arguments, the system 
supplies an appropriate dialog prompting the 
user for the required information. 

Each of the menus is context sensitive. The 
displays only reflect commands which are 
legitimate to perform given the current state 
of the system. For instance, you can only 
retrieve a saved schedule under certain 
conditions - there must be a schedule already 
saved, and you can't be in the middle of 
creating another schedule. The "Library" 
menu reflects this - it will display the 
"Retrieve Schedule" option only when the 
system is not scheduling, and there are items 
in the schedule library. These menus help to 
guide the user to appropriate actions given the 
current state of the schedule and scheduling 
process. 

Many objects on the display are active. 
Mousing on activity names or bars in the 
Gantt chart can retrieve a wealth of 
information about each activity, and parts of 
the information displays are themselves 
active. So, for instance, the user can mouse 
on an activity name to get a list of subtasks, 
and mouse on a subtask within that list to get a 
fuller description of that subtask. The 
potential actions are clearly explained on the 
mouse documentation line, so that the user can 
always determine the effect of an action before 
trying it. Various displays are available 
which provide information about resources, 
activities and their sub-components, and 
general schedule information. 

In addition to providing information about a 
particular schedule, the system also provides 
for schedule saves, both permanent and 
snapshot (temporary). Among other things, 
this allows users to develop a partial 
schedule, save it, and generate and compare 
alternative completions of the schedule. 

Different Levels of  Decisionmaking Control 
The user may choose to exert no control over 
the system beyond selecting a scheduling 
period and a set of activities to be scheduled 
during that periods. The system will default 
to a set of standard parameters' values, and 
scheduling will be performed entirely 
autonomously using those defaults. 

One level of user control involves the user in 
setting some or all of these parameters. These 
parameters include: 

a) weightings for activity selection in regular 
scheduling operations (the relative 
importance of success, opportunity and 
priority in determining the next item to be 
scheduled), 

b) weightings for activity selection in 
contingency situations (the relative 
importance of ten criteria for determining 
which item to alter or deschedule in a 
contingency/resource overbooking situation. 
In addition to success, opportunity and 
priority, factors important in descheduling, 
such as whether the activity is already 
initiated or easily alterable are considered) , 

Note that the activity descriptions (which have 
been previously specified) contain scheduling 
directions about both hard and soft constraints. 
Hard constraints are those which absolutely must 
be met for the item to be successfully 
scheduled, and soft constraints represent 
preferences. MAESTRO always schedules 
activities fully respecting the hard constraints. In 
the default mode, MAESTRO uses the model- 
specified soft constraints to guide placement. 
Thus, the person who defined the activity is also 
exerting influence on the scheduler's 
performance. 
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c) selection strategies (default is the weighted 
criteria described in (a), but the user may 
select a different strategy, such as omitting 
opportunity calculation for selection), 

d) placement strategies (the default is to 
follow the preferences specified in the 

el, but the user may choose to 
ignore these preferences), and 

e) scheduler focus (the user may instruct the 
system to only pay attention to a portion of the 
scheduling period rather than its entire 
length). 

Once these system parameters have been set, 
MAESTRO can again perform scheduling 
entirely autonomously. The strategies used in 
scheduling, while selected by the user, are all 

AESTRO's repertoire. 

Users may lake further control of the 
scheduling process by enforcing their own 
control strategies in running the system. The 
mechanism by which the user performs this 
is by selecting options4 for: 

a) User activity selection - On each cycle the 
user determines which activity will be 
scheduled. 

b) User activity placement - For a user- 
specified subset of requested activities the 
user places each of these activities. 

c) User activity deletion - The user may 
delete specific instances of scheduled 
activities. 

d) Manual altering of resource profiles. This 
allows the user to increase or decrease the 
amount of an available resource for any 
arbitrarily specified portion of the timeline. 

By using these options, the user may take on 
most of the decision-making responsibility, 

AESTRO then acts more as a decision- 
aiding mechanism. However, MAESTRO does 

These user options may be used in any 
combination, e.g. user placement may be used 
with or without user selection. 

supply a good deal of support for each of these 
user operations. MAESTRO provides this 
support by supplying the user with access to 
the information the system normally employs 
in its own decision-making processes. The 
primary functions used in this way are the 
system's bookkeeping , con st rain t 
propagation, and temporal relations 
management mechanisms. 

a) User activity selection - T 
provides a menu from which the user selects 
an activity to be placed. Only activities which 
still have opportunity are displayed, so that 
the user does not try to place an activity 
which can't fit on the schedule. Additionally, 
items which are in a related set due to their 
temporal relations are displayed as a group, 
so a user will know that all members of that 
group will be selected for placement on that 
scheduling cycle. The menu also indicates 
which activity MAESTRO would select, and the 
user can accept that option if desired. 

b) User activity placement - Recall that 
activities consist of subtasks with variable 
durations, and variable delays between 
subtasks. This allows for flexibility in the 
scheduling process - more things can get 
scheduled, and resources can be used more 
efficiently than if durations and delays are 
fixed. However, activity placement is much 
more complex, for the user as well as for the 
system. To support user placement, MAESTRO 
provides information about possible 
placement options based on the previously 
described opportunity calculation. Whenever 
an activity designated for user placement is 
selected for scheduling, an interactors for 
that activity appears (see Figure 3A). The 
interactor displays each subtask name and a 
mouse-selectable icon for each subtask start 
and end. The user selects the subtask start or 
end that he wishes to specify, and all possible 
times for that particular point are provided 
in the upper right window of the interactor 
(Figure 3B). The user selects from among 

An interactor is a window partitioned into 
subwindows, which provides both information 
and guides the user through a series of 
interactions with the system. 
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Crystal Growth-4- ? 
Cool Down.5- ? 

Break Down-6- ? 
Etch and Measure.?. ? 

Run Prep-1. 
Start Up.2. 
Heat Up.3. 

Crystal Growth-4. 
Cool Down-5. 

Break Down.6. 
Etch and Measure-?. 

Sample Wafer.8. 
Photograph and Etch Wafer.9- 

X-Ray Topography-10- 
Electrical Conductivitv Probe. 11 - 

? 
? 
? 
? 
? 
? 
? 
? 
? 
? 
? 

00:01:21 00:01:36 
00:13:52 00:14:05 
01:00:4? 01:01:21 

00:01:21 * I  

SUBTASK START E 
Run Prep-1. 7 

Start Up%?.. ? 00:13:52 0O:lkO 
Heat Up.3. ? ? 

Crystal Growth-4. ? 
Cool Down.5. ? 

- - - . ..- __ - . ... . . 
Run Prep-1. 00:12:39 OGlG50 

Start Up.2. 00:12:50 00:13:20 

Break Down-6. 00:14:28 00:14:45 
Etch and Measure.?. ? 7 

Sample Wafer.8. ? 
Photograph and Etch Wafer.9. ? ; 

Run Prep.1- 00:12:39 00:12:50 
Start Up.2. 00:12:50 00:13:20 
Heat Up.3. 00:13:20 00:14:00 

Crystal Growth.4- 00:14:00 00:14:10 
Cool Down.5. 00:14:10 00:14:28 

Break Down.6. 00:14:28 00:14:45 
Etch and Measure.?. ? 

Samole Wafer .8- ? 

A) The interactor presents the user with 
a list of the activity's subtasks, and icons 
(the "?"s) to select from to choose the 
subtask start or end the user wishes to 
specify first. 

B) The user decides to begin by 
specifying the start time for the Crystal 
Growth subtask. The interactor displays 
all possibilities (Le. this subtask can be 
started anytime between 121  and 1:36, 
1352 and 14:05 or 1 :00:47 and 1 :01:21) 
in the upper right subwindow. 

C) The user chooses 14:OO as the start 
time for the Crystal Growth subtask, using 
the dial in the middle right subwindow. 
When the user clicks on "PLACE (lower 
right) MAESTRO accepts this as the 
chosen start time, and propagates the 
constraints this places on the rest of the 
subtasks' start and end times. 

D) The interactor displays all the start and 
end times that are fully specified. In this 
case, by specifying the start time for the 
Crystal Growth subtask, the user has also 
fully constrained all start and end times for 
all the subtasks through the end of Break 
Down. The user may now choose from the 
remaining subtasks' starts and ends. 

E) The user decides to place the start 
time for Etch and Measure next. The user 
clicks on the icon, and the system displays 
the remaining possible times that this 
subtask may start. The process of user 
selection and constraint propagation 
continues until all times are fully specified, 
or the user directs MAESTRO to complete 
the process by clicking on "SCHEDULE". 

Figure 3. The user places a materials processing experiment, Multi-Zone Furnace, on the schedule. Panels 
A-E show the sequence of steps the user performs to accomplish this, using the User Placement interactor. 
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these the desired time for that subtask start 
or end (Figure 3C), and the system 
propagates the constraints this imposes on 
other subtasks' possible start or end times6 . 
The interactor is updated, filling in start and 
end times which have been totally constrained 
by the user's choice (Figure 3D), and letting 
the user select the next underconstrained 
start or end time for specification (Figure 
3E). This process continues until the activity 
placement is fully specified. At this point 
MAESTRO places the activity and performs the 
normal bookkeeping associated with activity 
placement. 

User activity placement support is a powerful 
facilitator for the user. First, it guides the 
user to valid placement options, so there is 
not a lot of time wasted in shot-in-the-dark 
or partially informed guesses about where an 
activity might fit. The more resource 
coordination required for an activity, the 
more critical this facility becomes. Second, 
the information provided allows users to 
impose their own placement strategies easily. 
It is easy to find the earliest possible start 
time, or to start something as soon as possible 
after noon, to maximize a data collection 
subtask duration, or to minimize the delay 
between calibration and data collection 
subtasks. MAESTRO is able to provide this 
support because the information provided to 
the user is the same as that which the system 
uses in its own intelligent scheduling. By 
providing the user with intermediate products 
of MAESTRO'S reasoning processes (in this 
case opportunity calculation and constraint 
propagation mechanism outputs) the user is 
relieved of the burden of operations which are 
hard or impossible for a person, and left to 
perform tasks whiCh are more suited to 
human intelligence. 

c) Manual activity deletion - The user may 
remove any activity from the timeline with a 

For example, before selection of the start time 
for crystal growth at 00:14:00, the end time for 
crystal growth could potentially have been at 
00:01:31, 01:Ol: 31, or at any of a large number 
of now invalid times. MAESTRO takes care of 
ensuring that only valid placement options 
remain for user selection. 

mouse command. A verification menu pops 
up, to ensure that the user intended to delete 
the activity (all destructive operations 
require confirmation as a safety feature). 
Upon user verification, the system removes 
the activity from the schedule, updates the 
resource profiles and does other bookkeeping 
as appropriate. Further, it checks to see if 
removal has c ed any violations of other 
scheduled activ ' temporal constraints. If 
so, MAESTRO will remove the violated 
activities and notify the user of any activity's 
removal. Ail activities' opportunities are 
recalculated to reflect the new state of the 
schedule. 

d) Manual alteration of resource profiles - 
The system provides a dialog through which 
the user can alter the amount of a resource 
available. The system automatically updates 
the resource as appropriate-/. The system 
checks to ensure that no resource overbooking 
has occurred as a result of this change, and 
notifies the user if there is a contingency. 
Finally, it updates opportunity for all 
activities based on the new resource 
availability profiles. In this case, the 
functions performed are primarily 
bookkeeping, but the end result is that the 
user is informed of any relevant effects of his 
actions. 

Intermixing Con fro I 
The d iv is ion of decis ion-making 
responsibility does not have to be fixed a1 a 
particular level. Throughout the creation of a 
given schedule, the locus of responsibility can 
be flexibly varied. This is achieved by 
c h an g i n g pa ram et e r s , s e I ec t i n g d i f f e rent 
control options, and selectively accepting 
defaults during the session. Many of the 
parameters and control options may be 
changed while the scheduler is executing. The 

-/ The actual update method depends on the 
resource type (e.9. rate-controlled or 
consumable), projected resupplies, etc. 
However, since the system already knows which 
resources are of what type, and appropriate 
update methods for each type, the system 
relieves the user of the burden of worrying about 
these sorts of things. 
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user may also halt the scheduler at any point 
in execution8 and change any parameter or 
control option, then restart the scheduling 
process where it left off. Additional 
flexibility in shifting control is available 
through the user selection and user placement 
options. The user selection menu specifies 
which activity MAESTRO would have chosen 
next, and the user may accept that default 
without any deliberation. At any point in the 
user placement process, the user can allow 
MAESTRO to complete the placement process, 
using its normal heuristic strategies. In this 
case, the user only has to do the work of 
interest (e.g. specify a particular starting 
point, or maximizing a subtask duration) and 
may delegate the rest of the decision-making 
work to the system. 

Example - Contingency Handling 
An example of a contingency handling 
interaction serves to illustrate the concept of 
flexibly directed mixed control. Let us 
assume the following scenario. A user, Jane, 
has previously generated a complete 24 hour 
schedule for a space laboratory mission that 
is due to be flown tomorrow. There has been 
some anomaly in the power system that will 
cause a 25% across-the-board reduction in 
the power available to the laboratory from 
8:OO to 11:OO a.m. during that scheduling 
period. The scheduling system is notified of 
this contingency. The system updates 
resource availabilities, and checks to see if 
any resource violations have been induced. If 
there is a problem, an alert flashes notifying 
Jane that there is a contingency. 

At this point, Jane can follow several courses 
of action. She may: a) choose to ignore the 
contingency for the time being, and perform 
other, more pressing operations with the 
scheduler; b) ask the system to handle the 
contingency automatically, in which case it 
will follow the contingency procedures 
previously described; c) check to see 

The scheduler will actually take the halt 
instruction and proceed to the next logical 
stopping place, usually by completing an activity 
placement in progress, updating the resources 
and performing other bookkeeping chores, and 
then halting the scheduling process. 

whether the parameters for the contingency 
selection mechanism are what she desires, 
optionally reset them, and then have the 
system handle the contingency automatically; 
or d) choose to handle the contingency 
herself. 

To handle the contingency herself, she will 
typically need more information, so she would 
probably check the times and levels of the 
power resource overbooking for the schedule 
period through the "Resource" menu. After 
examining the overbooking information, she 
can continue her investigation into the 
problem, ignore it, or let the system handle 
the Contingency (optionally checking and 
altering the contingency selection 
parameters). If she chooses to continue her 
control, she can check which activities use 
power during the violation periods, then 
ignore or automatically handle the 
contingency, or continue with control. At 
this point she may have in mind a particular 
activity or set of activities to delete. She will 
delete these by simple mouse operations, and 
MAESTRO will update the schedule to reflect 
these deletions. It will check to see if there is 
still a violation of the power constraints, and 
if so that will be available in a display. Jane 
will check the display to see if a violation 
remains, and either ask the system to 
complete the contingency handling process, 
continue with her own contingency handling 
process, or ignore the remaining problems. 
At various points in her process of deleting 
and checking the results, she may save her 
partial results in the snapshot or permanent 
schedule libraries. This will enable her to 
perform comparisons of alternative courses 
of action. 

When contingency handling is completed, some 
of the deleted activities, or some other 
activities that may not have been able to get on 
the schedule previously, may now be 
schedulable. Because the system has been 
doing all the usual bookkeepinghpdating this 
can be easily checked. Jane can then, if she 
chooses, initiate a new cycle of mixed control 
in adding things to the schedule. 

There are two main points in this example. 
First, the user can hand off control to the 
system at many points during the contingency 
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handling process. Second, in her own 
reasoning process, the user accesses much of 
the information that MAESTRO typically 
generates for its reasoning process, and relies 
on the bookkeeping and constraint propagation 
mechanisms of the system to complement her 
own decision-making, 

When would Jane take control? When 
performance would be significantly improved 
by use of information unavailable to the 
system or by following reasoning strategies 
the system does not possess, and only when 
time is not a critical issue. In real operations 
there will probably always be information 
and reasoning strategies that are unavailable 
to an automated system, and it is up to the 
user to try to merge these with the support 
that the automated system can provide. It is 
up to the system to provide mechanisms that 
ensure the user can flexibly access as many of 
its useful processes as possible. 

CONCLUSIONS 
Users can access an abundance of raw data and 
intermediate products of MAESTRO'S 
reasoning processes. They may selectively 
take over some of the decision-making 
functions, leaving others to the system. 
Because the system allows so much flexibility 
in the allocation of control, and provides 
users with a wealth of information and other 
support for their own decision-making, 
better overall schedules may result. 

We have made considerable progress in 
organizing the user interface to support 
profitable interactions, but far more could be 
done. There is still much internal 
information that either is unavailable or hard 
to access through the interface. For instance, 
during contingencies users can find out some 
of the values for the contingency selection 
parameters for each activity through the 
i n t e r f a c e  ( e . s .  o p p o r t u n i t y ,  
interruptability), but not others (e.g. 
resource fit). The organization of the 
parameter values that are available is poor 
for contingency operations - the information 
is scattered throughout displays that are 
typically used for other purposes. Some 
mixed control that could be supported 
currently is not. Using contingency handling 

as an example again, the user cannot 
currently allow MAESTRO to make only a 
single deletion and halt, or make a 
recommendation which the user could accept 
or reject. We are currently planning 
enhancements that make more of the system's 
internal information accessible and to make 
switching control more flexible, leading to 
more powerful joint decision-making. 
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