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Preface

The European Association of Cognitive Ergonomics (EACE) organises biannual conferences on topics
related to Human-Computer Interaction. This volume contains the papers accepted for the sixth European
Conference on Cognitive Ergonomics (ECCE 6), Balatonfiired, Hungary, September 6-11, 1992. The
focus of this conference is on tasks and organisation in human-computer interaction with special reference
to the concepts of cooperation and communication, user-computer interfaces, and organisational structures.
For each of these concepts, contributions were invited related to theory, analysis, design, learning, and
evaluation. All proposed papers were reviewed by at least 3 referees.

The order of the chapters in this volume follows the order of presentation at the conference. The first part
hits some aspects of the psychological basis of human-computer interaction, dealing with theories and ana-
lyses of user-computer interfaces. The next parts focus on cooperation and communication, respectively
from the point of view of analysis and evaluation (part 2) and theoretical approaches (part 3). The user
interface is the core concept of the other half of the volume, analysed first of all by evaluation approaches
(part 4), followed by an overview of research on design (part 5) and concluded by some theoretical contri-
butions.

The editors like to mention the following colleagues, who provided reviews and comments on the pro-
posed contributions: David Benyon, Paul Booth, Carlo Cacciabue, Elisabeth Dienes, Giorgio de Michelis,
Pierre Falzon, David Gilmore, Thomas Green, Jean-Michel Hoc, Lajos Isz6, Krisztina Lakatos, Lena Nor-
ros, Guiseppe Mancini, Reinhard Oppermann, Rob Roe, Janine Rogalski, Boris Velichkovsky, Hans van
Vliet, Yvonne Waern, Hartmut Wandke, Ted White. The collection of the reviews, the contacts with the
authors about the final papers and the organisation of the manuscript of the proceedings for publication
has been greatly facilitated by the help of Elly Lammers. We thank her for her patience and persistence.

‘ Gerrit C. van der Veer,

Michael J. Tauber,
Sebastiano Bagnara,
Miklés Antalovits

Amsterdam, June 3, 1992
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“The Formation of Mental Models: are ‘Device Instructions’ the source?”
‘ Elizabeth F. Churchill

Department of Psychology
The University of Nottingham
Nottingham
UK

Abstract

When considering users' understanding of devices, two types of device
knowledge have been proposed: procedural or "how-to-do-it" knowledge, and
model-based or "how-the-device-works" knowledge. This paper compares these
knowledge types in terms of their informational and computational properties with
respect to achieving tasks, and considers the effects of practice on these knowledge
structures. The paper reports: (i) computational models (in Soar) of learning to use a
simple device from procedural instructions and from "how-it-works", device model
instructions, and (ii) empirical investigations testing the hypotheses derived from
these models. From the computational models it was predicted that (1) expert
performance on problem solutions would develop through practice, and (2) although
expert performance would not be observably different for subjects given procedural
instructions compared to those given device-model instructions, the competence
underlying expert performance would differ. This underlying difference would
differentially affect the development of new solution methods in later problem
solving. The experimental results showed clear performance speed-up with practice.
However, contrary to the predictions of the models (and models of routine skills
(Card, Moran and Newell, 1983)), it appeared that subjects did not learn methods
(i.e. solutions to problem types), but learnt local, display-driven, action selection
rules. In addition, it was shown that subjects presented with procedural instructions
develop model-based knowledge.

1. Introduction: the received wisdom on Mental Models

When considering users' understanding of devices, two types of device knowledge have been
proposed: procedural or "how-to-do-it" knowledge, and model-based or "how-the-device-
works" knowledge. Procedural knowledge consists of task-related strings of actions which
offer the user a "recipe" for getting a task done. By contrast, model-based or device model
knowledge captures the causal relationships between task-relevant, internal device components.
Although there is much debate about what exactly constitutes a device model (c.f. Wilson and
Rutherford, 1989), typically the term is used to refer to a schematic representation of the internal
components of the device and the causal relationships between those components. This model
can be "run", enabling users to mentally simulate the effects of their actions before executing
them. This mental simulation provides device-related command semantics; knowing the effects
of an action on both visible and invisible device states means that the consequences of
commands are more fully understood, offering more scope for using those commands in novel
situations, and less likelihood of incurring unexpected and unfathomable results.

For these reasons, it is generally thought that feaching a device model of this kind facilitates the
development of smooth performance. This intuition has been supported to some extent in



experimental work (see Rouse and Morris, 1986; Mayer, 1976; Halasz and Moran, 1983;
Halasz 1984; Kieras and Bovair, 1984; Bibby and Payne, 1990). These studies suggest that
these representations are indeed used in action selection, remain fairly stable over time and are
re-consulted on presentation of unfamiliar problem types (c.f. Halasz, 1984).

There are a number of problems with these studies: (1) a central assumption in these studies is
- that the user's mental representation corresponds to that given in instruction. Given that user
knowledge is generally affected by interface features, by features of the task and by any
instructions that are presented (Barnard, 1987; Norman, 1983), and that different
representations of a system may give rise to the same functional outcome (Norman, 1983), it is
not clear that this is a reasonable assumption. In addition, it is not clear that pure observation of
behaviour is an adequate technique to establish the nature of mental models. (2) Analysis of the
instructions and the tasks presented in these studies has shown that the experimental design is
biassed in favour of subjects presented with device model instructions. Most instruction
booklets contain examples. The effect of this is that model-group subjects receive both solution
procedures and device model instructions whilst procedural group subjects receive only solution
procedures. Experimental tasks tend to be divided into those requiring the retrieval and
- application of example solution procedures (which is supported by both sets of instructions) and
those requiring knowledge of the internal components for inferring correct actions (which is
only supported by the device-model instructions). The instructions for the two groups are
therefore not 'informationally equivalent' (c.f. Larkin and Simon, 1987; Bibby, 1989); device-
model subjects have the information required to derive and apply solutions and to infer device-
related command semantics whilst the procedural subjects have only the example solutions. It
hardly seems reasonable to conclude that device-related command semantics are superior to
procedural instructions for action selection when the device related semantics are necessary for
the action selection. All one can conclude is that if you don't give people enough of the right
information, they find solving problems hard. This concurs with results reported by Duff and
Barnard (1990) and Duff (1990). (3) there is no account of learning. Through practice, actions
selected for tasks become compiled into automatised solution methods (Anderson, 1983; Laird,
Rosenbloom and Newell, 1986), but within these studies, there is no account of the way in
which device knowledge affects the development of automatised task-action mappings. In
addition, observation of users shows that local models of device functioning are developed all
the time. Few studies have allowed for or explicitly charted changes in user representations
through device interaction (for an exception see Brazier, 1991) although it seems likely that
users will consider all the resources available to them to get tasks achieved, and this implies that
the underlying representations will consist of more than just the instructions presented.

In the light of these factors, it is not surprising that the results of studies into mental models and
performance are by no means clear-cut (c.f. Wilson and Rutherford, 1989; Foss, Smith and
Rosson, 1982 (cited in Duff and Barnard, 1990); Duff, 1990). The intuition that device-model
instructions are better may not be true. For example, when specifying the computational
properties of alternative representations, whilst device model knowledge proves more
informative in the studies cited above, it is also more costly for deriving solution methods (c.f.
Halasz and Moran, 1983). To mentally simulate the effects of actions requires a number of
mental transformations. This computational perspective suggests there may be tasks for which
procedural representations are as effective but computationally less costly than device model
representations. In these situations, device model knowledge, far from offering more
understanding and easier problem solving may prove a handicap. These issues are addressed in
the simulation and experimental work.

2. Computational modelling of alternati\}e instructions
A number of models of expert performance have been reported, but these typically address and
describe the knowledge that exists once expertise has developed. Computational models must



account for the way in which knowledge is used and for changes in that knowledge as a result
of learning, offering models of expert performance as it develops.

In this vein, I built two models of device knowledge in Soar, a cognitive architecture (Laird,
Rosenbloom and Newell, 1986; Newell, 1990; for more on these models see Churchill and
Young, 1991). The device selected for analysis was a 'postfix notation' or 'reverse polish
_ notation' calculator. Postfix notation calculators have an internal memory stack; to solve
calculations numbers must be stored in this stack. For example, to solve the binary calculation
'5 + 8', users must press the key marked 'S' (this number appears in the display), then press
the key marked "ENTER' to place the number in the display into the memory stack, press the
key marked '8' and then press the key marked with the arithmetic operator '+'. Pressing the
arithmetic operator combines the number last entered into the memory stack with the number in
the display to produce the result, 13, which is placed in the display. The operation of this type
of calculator given alternative instructions was studied by Halasz and Moran (1983) in an
attempt to demonstrate the superiority of model-based knowledge in device use. This was
therefore considered an ideal candidate for investigation.

* In Soar, search takes place in a hierarchy of nested problem spaces; in the simulation models of
calculator knowledge, external world actions (e.g. keying in numbers, pressing 'ENTER/, etc)
were operators in the "top-space". Sub-spaces represented the calculator knowledge other than
external world actions; this knowledge was either procedural or model(stack)-based.

In simulation model 1, procedural knowledge was represented as a"recipe” datastructure located
in a sub-space. This recipe represented a list of actions that need to be done to achieve a binary
calculation on a postfix notation calculator; this datastructure therefore represents the knowledge
embodied in instructions that specify to do task T, the relevant actions are 'Al then A2 then A3
then A4'". Figure 1 shows a diagram of part of the datastructure; here, the first two actions in the
recipe are shown. Each step in the "recipe” is marked as having "been done" or not; the value
associated with the attribute "been-done" specifies whether or not an item has been inputted.

recipe . operand

-step 1

been-done

Figure 1
Recipe datastructure



A set of operators scan over the datastructure to determine how much of the recipe has been
executed (e.g.whether the first operand has been inputted, the ENTER key has been pressed
yet, etc). If the attribute "been-done" has the value "yes" the scanning goes on to the "next"
action in the list. The first action that has the value “no” to the “been-done" attribute is selected
as the next thing to do.

- The datastructure and the scanning process correspond to remembering a set of actions and then
mentally running through them one by one, "ticking them off" as having been completed when
each one is done. When the next action needs to be selected the recipe structure must be
inspected again.

In simulation model two, model-based knowledge of the calculator display and the internal
memory stack was represented in a sub-space. Look-ahead search was used to simulate a
forward running of the device model in the user's mind. The knowledge is represented as
productions that match the current state of the device. These device states are imagined ones and
do not necessarily correspond to those of the device in the real world. Figure 2 shows part of
one production. Here, the conditions specify that when there is assumed to be an internal stack
- memory and the display cell of the stack has a number in it, then the result of pressing the
ENTER key will be to place the number from the display into the top cell of the internal stack
and to leave the display with a zero in it.

To determine the next appropriate action, the current state of the device is matched to the
preconditions for the known actions; the current state description comprises what the user can
see in the interface and the imagined state of the internal memory stack. The appropriate action is
applied, leading to a new device state. This cycle continues, as if the device state were being
altered from the start state to the desired goal state. This corresponds to the user's behaviour as
imai;(iining the effects of one's action on the device before actually carrying them out in the "real"
world.

IF
there is a stack
and
there is a display
which has number in it
and
you press the ENTER key

THEN
the top cell of the stack will
contain the number that was
in the display
and
the display will have a 0 in it

Figure 2
Representation of Model-based Device Knowledge

For both simulation models, search in the sub-space resulted in top-space action selection. As
Soar has a learning mechanism, practice results in reduced search through the development of
‘chunks’; these cache the method of action-selection which took place in sub-spaces. These



chunks fire automatically on re-presentation of problems of the same type, circumventing the
need for sub-space search and accounting for speed-up practice effects.

Running the calculator models led to five observations: (1) initial problem solving to select
actions was more extensive for the device model knowledge than searching the procedural
recipe data-structure. More search is seen in performance as more time. This is in accord with
experimental results (Halasz and Moran, 1983) which showed the model group taking longer to
solve problems initially. (2) after a number of practice trials, the chunks fired to produce smooth
performance. In terms of user performance, this corresponds to performance speed-up as a
result of practice. (3) after learning, the performance of the models on the task was identical,
although the underlying knowledge in the chunks from the two simulations was very different.
Halasz and Moran reported comparable results between the two groups after practice on
problem types for which the instructions were informationally equivalent; this expert
performance was described as resulting from the execution of automatised solution procedures
and ‘method’ execution (c.f. Card, Moran and Newell, 1983). However, there was no explicit
consideration of the content of these methods, nor of how they developed. (4) on presentation
of new problem types for which the compiled chunks were not appropriate, the sub-spaces were
again searched for the derivation of new solution methods. This would be seen in user
performance as increased time to solve problems on the presentation of new problem types.
This is in accord with results shown by Bibby (1989) where initial performance differences
between groups vanish with practice but return when presented with novel tasks. (5) the chunks
from the device-model space search proved to be more flexible than the chunks from the
procedural space search, implying that these would transfer more easily to new problems.

These results led to the following empirical hypotheses:

1. given problems for which device model and procedural instructions are informationally
equivalent, users presented with device model knowledge will take longer in initial
problem solving than users presented with procedural instructions, because device
models are computationally more costly than procedures
that there will be performance speed-up as a result of practice for both groups.
that after practice, group differences will disappear and performance will be comparable.
that on presentation of a new problem type, users will search their device knowledge to
derive a solution. Thus there will be an increase in time to solution on presentation of the
first example of every new problem type.

5. that when the instruction knowledge is not informationally adequate, users will look for

a solution. This is modelled in Soar as a search process over the users knowledge. The

Soar models say nothing about what happens when that knowledge search fails.

ok i

3. Experimental evaluation of the models

The experimental design for both experiments is based on that of Halasz and Moran (1983).
Experiment 1 compares representations in terms of the computational cost of solution
development and application, and the effects of practice. Experiment 2 considers the
informational properties of representations and considers how users annotate their existing
representations to solve new problem types.

in n ledge: i ill 1
The aim of Experiment 1 is to study the effects of computationally different instructions on the

development of expert performance. The first four of the empirical hypotheses discussed above
are concerned with this issue.



Experimental Procedure
Ten subjects who had not previously used a postﬁx notation calculator were randomly assigned

to two groups. One group was given “how-to-do-the-task-step-by-step”, operational
instructions for completing calculations on a post-fix notation calculator plus example solutions
(the 'No-model' group). The second group was presented with the same instructions expanded
with references to the internal states of the device, i.e. with reference to storage of numbers
(both task numbers and intermediate results) in the internal memory stack (the 'Model' group).
The instructional bias of earlier experiments was minimised by presenting fewer example
problem solutions to the Model group. Groups were matched for age and educational
achievement.

The experiment involved reading the instruction booklets, practice using the mouse, completing
50 arithmetic problems and completing a questionnaire which included giving a description of
the device in terms of "how-it-works". The arithmetic problems varied in the level of embedding
and bracketing from one level of embedding, e.g. “4 - (2 + 3)”, to 5 levels of embedding, e.g.
“O0(((3892 - 1043) * 3) - 2945) * 2) - 1932) * 2 “ . Problems were matched for number of
keypresses, level of embedding and direction of embedding (left, right or centrally embedded).

Results
All subjects completed all the problems, implying that both sets of instructions were

informationally adequate for producing solutions to the problems. The time to solution for each
question was log transformed and the two groups compared. This measure showed the Model
group taking longer on significantly more questions than the No-model group (df = 49; paired t-
value 2.16; p < 0.05). This result supports the hypothesis that the Model group spent more time
deriving solutions.

A number of performance measures were analysed: attempts data, timing data at the question
level and inter-keypress latencies. These results showed that both groups found certain question
more difficult than others, but on all measures the two groups performed comparably.

To determine which questions were more difficult and to observe the effects of practice, figures
3 and 4 show the amount of time "saved" through practice. Figure 3 shows the mean time to
solution on the first and the last binary calculations in the problem set; there were 4 binary
calculations which were evenly spaced through the problem set. Figure 4 shows practice effects
on left and right embedded problems; here the time to solve the last example is subtracted from
the time to solve the first example, to determine how much time is “saved” as a result of
practice.

Figure 3 illustrates clearly that both groups reduced the amount shows clear effects of practice;
both groups reduce the time taken to produce a solution to under 5 seconds. In addition, this
graph shows that the Model group take less time to produce a solution to the first calculation
than the No-model group. Although this difference is not statistically significant, it counters the
hypothesis that the model group would take longer to produce solution as a result of the more
computationally costly device representation. There are two possible explanations for this: either
the device-model representation is not more costly computationally for solving problems of this
type than the procedural representation (contrary to the predictions derived from the simulation
models), or the Model group subjects were not using the device-model representation.
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Figure 3
Measure of practice effects on binary calculations: first example and last example by group

20

I Fst-Lst Model
B Fst-Lst No-Model

Seconds
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Figure 4

Practice effects: mean time to solution on first of problem type minus mean time to solution on
last of problem type for both groups

Figure 4 shows the left embedded (LE1 - LES) and right embedded (RE1 - RES) problems. For
both groups, there is a clear effect of practice reducing time taken to solve problems. More



importantly however, on these problems the reduction in problem solving time is clearly more
pronounced for the Model group, particularly for the Right-embedded questions, RE1 - RES. It
would appear that these results confirm that on certain problem types, model-based knowledge
is computationally more costly.

One explanation for the difference between this result and that on the binary calculations is that
both instruction booklets illustrated the solution to a binary calculation; in this case, Model
group subjects may not have been using the device model representation to solve the first binary
calculation (which was also the first problems in the set) , but may have been able to retrieve the
instruction booklet example. This is in accord with results reported by Duff and Barnard (1990)
which suggest that subjects retrieve and apply learnt procedural information in preference to
reasoning with device-model knowledge. In the more complex problems, there were no explicit
examples for the Model group to retrieve so model-based knowledge was all that was available
for solution derivation.

These results demonstrate that some form of knowledge compilation occurs, as the speed-up
through practice is clearly observed. To address whether the knowledge is indeed compiled into
“‘solution methods’ a number of analyses were carried out at the level of individual keystrokes
using parameters specified by the Keystroke Level Model (Card, Moran and Newell, 1983).
Points at which the keystroke level model would predict 'mental operations' were extracted
from the keystroke data. These are at points where decisions may be taken and are seen as
“planning boundaries”, i.e. the points at which subjects retrieve solutions to the next sub-part of
a decomposed task. If these planning boundaries reflect points at which subjects are determining
the next action(s), then two hypotheses are of relevance: (1) As a result of practice, repeated
action sequences are compiled into automatised solution ‘methods’; methods are selected on the
basis of cues in the task structure and do not require problem solving. Subjects should therefore
be taking less time to select and execute the appropriate keystrokes at the end of the experiment
than they were at the beginning. To reflect this, the recorded inter-key-press latencies for mental
operations should be lower at the end of the problem set. (2) If device-model knowledge is
computationally more costly than procedural knowledge, the No-model group should take less
time for keystroke latencies which include mental operations than the Model group.

Contrary to these predictions, the inter-keypress latencies did not decrease through the problem
set; regression analyses showed no significant effects of practice. This implies that performance
speed-up did not result from reduced mental operations at predicted task-related planning
boundaries. On addition, the keystroke level analysis did not yield consistent time differences
between the groups.

3.2 Experiment 2: device knowledge and device related problems

The aim of Experiment 2 was to look at the development of device model knowledge through
interaction with the device. To investigate this, subjects were presented with a variety of
problems which differed in terms of the computational cost of solution development as in
Experiment 1, but were also presented with a number of questions which were informationally
not equivalent with respect to the instructions presented: some of the problems required explicit
stack manipulations which were not supported by the procedural instructions. Subjects in this
group therefore needed to develop model-based knowledge in order to solve these problems.
Although Halasz and Moran (1983) do not report any such knowledge development, it is
hypothesised here that subjects will indeed use the resources available to them to make up the
deficit in the instructions presented. In terms of the Soar simulation models, this would mean
that the external environment is used as a resource for search; this model of cognitive behaviour
is not currently supported in the models.

10



Experimen
Twelve subjects who had not previously used a postfix notation calculator were randomly
assigned to two groups: as before, one group was given “how-to-do-the-task-step-by-step”,
operational instructions for completing calculations on a post-fix notation calculator (the No-
model group); the other was presented with the same instructions expanded with references to
the internal states of the device (the Model group). Groups were matched for age and
educational achievement.

The experiment involved reading the instruction booklets, practice using the mouse, completing
17 problems and completing a questionnaire which included giving a description of the device in

terms of "how-it-works". The problems were of three sorts1: (1) "routine" problems required
simple solutions, examples of which had been presented in the instruction booklet. These
included binary calculations (e.g 'S + 8", simple running problems (e.g. 6+5+9+1+4)
and simple bracketed problems (e.g.'4- (9-5)' & 'S + 7) - 4)), (2) "combination" problems,
which are made up of combined routine problems (e.g. ‘(9 - 3) * (5 - 2)"), and (3) "invention"
problems which involve extra-arithmetic constraints and require knowledge of the stack for
solution derivation (e.g. '15 - (3 - 15) Type the 15 only once’). In addition a number of on-
‘paper questions were presented to see if subjects could reason about solutions away from the
calculator interface.

Results from the on-paper problems showed no significant group differences suggesting
subjects were equally able to reason with the knowledge away from the calculator.

The mean time for completion of all the problems in minutes for the Model group was 67
minutes (sd= 41.57) and 63 minutes (sd = 16.26) for the No-model group. This time difference
between the groups is not statistically significant. More detailed time analyses are excluded
because of the high variance due to subjects verbalizing throughout the experiment.

Statistical analyses showed consistently that both groups found the 'invention’ problems the
most difficult; there were no significant different differences between the groups on routine and
on combination problems. The No-model group performed significantly worse on 'invention'
questions on all measures. This is in accord with the results presented by Halasz and Moran
(1983), and with the hypothesis that the instructions presented to the No-model groups were
informationally impoverished and did not support the development of solutions to stack related
problems.

Analysis of the verbal protocols support this proposition. It is also clear that subjects in the No-
model group actively problem solve to derive a model of the internal functioning of the device.
Analysis of the post-experimental reports showed that subjects in the No-model group had
learned a mental model of the internal memory stack of the calculator. Some of the subjects
responsgs in answer to the the questions "How does the calculator work?" are shown below in
Figure 5.

Subject 7, No-model group

The description below illustrates that the subject understands (1) that numbers are
stored, (2) that these numbers are stored in a particular order, (3) that keying in an
arithmetic operator acts upon the stored numbers, and (4) that once used in a
calculation, the numbers are no longer stored. The scope of the arithmetic operator (i.e.
which numbers in the stored ‘line’ are acted on) is not specified.

1 The naming convention for the problem types is taken from Halasz and Moran (1983)

11



The numbers are held in a line until a function button is pressed when they are
replaced by the result of the operation

Subject 8, No-model group

The description given by Subject 8 mixes task decomposition and task solution strategy
with the calculator’s functionality. For example, the first sentence specifies how the
subject solved the problems in the context of this calculator, i.e. one sub-expression at
a time. The description demonstrates that the subject understands (1) that the calculator
stores numbers and results (2) that these stored numbers and results can be combined
(‘cross-referenced’) by pressing arithmetic keys, and (3) that there is a specific order in
which the stored items can be accessed (‘the machine knows....”).

The calculator first of all deals with one function at a time, i.e. 1 + 2. Then
the answer is stored. The next function is then carried out independently i.e.
1 + 2 again but the two functions can be cross referenced if cammands such as
'+' and '+', or '+' and '-' are placed together.

Because the cammands + and + are together the machine knows to first deal with
the present package and then refers the answer to the previous package. The
system of individual packages and then the reference of one package to another
can be built up to solve camplete calculations consisting of many calculations.

Subject 9, No-model group

This subject shows clear understanding of (1) the storage of numbers in a memory and
the role of the ENTER command, (2) the ordered storage of numbers that are entered,
and (3) the effect and scope of inputting arithmetic operators.

* When you put a number in and press ENTER, it stores that entry for the present.
If you then place another number in, followed by ENTER, this will store the
nunbers side-by-side.

If you have a series of numbers entered, and press a function, this will
calculate the function of the last two mumbers entered. Pressing another
function will then use the next function with the number before the last one
used.

Subject 10, No-model group

This description shows the subject understands (1) that numbers are ‘stored’ by using
ENTER, (2) that commands and operations use those numbers to produce ‘answers’,
(3) a clear solution procedure and its consequences (‘commands are entered after all the
numbers required....”) and (4) that using this representation of the internal storage of
numbers was of use in developing solutions to the invention problems.

Every number entered into the display unit is stored in its original format
until being "acted upon™ by a cammand when it stored as an answer. Cammands are
entered after all the numbers required for the sequence of calculations have
been stored.

Visualizing the sequence of stored numbers helped to solve the more camplicated
problems when a number is required more than once, but could only be typed into
the display unit once.

Subject 11, No model group

This subject’s description of the calculator shows (1) that using ENTER stores
numbers in a memory, (2) that arithmetic operators act upon stored numbers (’doing
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various things to them retrospectively’), (3) that numbers are stored in an ordered list,
(4) that this list can be manipulated 'to a certain extent' by using SWITCH.

By listing input digits (using ENTER) then doing various things to them
retrospectively by function keys. SWITCH allows you to hop backwards or
forwards in the list (to a certain extent).

Figure 5
Subjects descriptions of calculator functioning

These descriptions clearly show that 5 of the 6 subjects in the No-model group developed a
clear model of the calculator memory. This model was surprisingly consistent across all the
subjects; the calculator memory seems consistently to be described in terms of a ‘line’ of stored
numbers. This memory ‘line’ is functionally the same as the memory stack described in the
instructions presented to the Model group subjects. Thus we can conclude that if subjects are
presented with inadequate knowledge, they will induce the knowledge required to provide the
-relevant command semantics.

This knowledge of the internal memory stack suggests that with further practice the no-model
subjects would be performing as well as the Model group subjects on all problem types. This
result is not reported by Halasz and Moran who presented subjects with more than 50
questions. One explanation for this is that Halasz and Moran imposed a time-limit of problem
solution development. Given that the more difficult problems required extensive problem
solving, one possibility is that by setting a time limit on solution time for each question, Halasz
and Moran prevented successful problem solving, and thus prevented procedural group subjects
from developing a device model. This explanation is supported by Soar’s learning mechanism;
learning is dependent on successful completion of problem solving goals. By enabling subjects

to problem solve until they wished to give up, the experiment presented here ensured that
subjects could reason extensively.

There are a number of consequences of this clear model-knowledge development: (1) the results
presented by Halasz and Moran (1983) do not describe the development of device-model
knowledge. As a result, their theoretical account of the cognitive processing that underlies user
performance cannot account for these dynamic changes in the user’s representation. The
information sources available to the user need to be considered; it is clear from these results that
the knowledge No-model subjects used at the end of the experiment for deriving problem
solutions was not in the instruction booklet presented to them. (2) with respect to the simulation
models, it is clear that accounting for user learning requires more than knowledge compilation.
Any realistic simulation model will also need to account for these changes in the user’s
knowledge representation. Again, this requires a wider consideration of the resources available
to the user; clearly focussing on the instructions presented is not adequate. In addition, this
development of new knowledge has an immediate impact; the learning is within-trial. It was not
the case that subjects did not think about the calculator functioning until prompted at the end of
the experiment. Verbal protocols revealed that this knowledge developed and was used
throughout the experiment; subjects problem solved, induced model-related command semantics
to explain calculator functioning, and then used this knowledge to construct a coherent model of
the internal memory and its relationship to other available actions. Although the simulation
models presented in Section 2 dealt with only simple problems, they did clearly demonstrate that
Soar is capable of modelling this within-trial learning; chunks are used as soon as they are built.
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Discussion and Conclusions

To summarise, a number of hypotheses were derived from the simulation models and were
outlined above. The experiments demonstrated: (1) subjects given device-model instructions
took longer to solve significantly more problems than subjects presented procedural
instructions. This supported the hypothesis that device-model instructions are more
computationally costly than procedural instructions. This effect seemed to be particularly strong
on certain problem types, possibly due to the extra processing required in these more complex
problems. (2) practice effects were clearly observed for both groups. There were considerable
reductions in problem solution time after practice. (3) group differences disappeared after
practice. (4) keystroke level analyses did not reveal learning at predicted "planning boundaries".
It seems, therefore, that the problem solving methods that users create must be local and
display-driven. Considering the tasks analysed here, the selection of these methods must be at
the level of mapping one or two actions to a bracket or a number in the arithmetic expression.
The existence of such local methods explains the flexibility shown by my subjects in solving
novel problem types. Of course, using purely local methods leads to difficulties with some
problem types, which require more global problem solving, such as arithmetic problems that are
~centre embedded or complex stack manipulation problems. This was precisely what was
observed; subjects in both groups found these problems difficult. (5) No-model subjects
developed model-based knowledge when presented with stack-related problems.

I conclude therefore that computational models of device users now need to address the
following two issues:

1. local, display-driven methods, rather than Al-like generalised 'parse, plan and execute'
methods. These 'parse, plan and execute' methods are typical of problem solving
models of interaction, where the problem solution is selected more globally on the basis
of problem structure, like my Soar models described above, where the problem was to
'solve a binary calculation'.

2 describing the development of users' mental models showing how both internal and
external knowledge is utilised.

A number of Soar models to address the development of proceduralised methods and the
development of device model knowledge are currently being implemented. The design of these
simulation models incorporates wider resources than the instructions presented, including
aspects of the visible interface.
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ABSTRACT

Socio-cultural and compensation norms put the responsibility of accidents on
front-line people, rather than on those who established the conditions for the
accidents. Such norms are the societal and institutional consequences of a very

. general cognitive bias. In assessing the causes of deleterious outcome, people are
biased toward active failures. The present paper reports experimental evidence
that counterfactual thinking, i.e., the retrieval or construction of alternatives to
experience, can counter this bias, and facilitate people to move from active to
latent failures in assessing the causes of an accident.

1. Introduction

In the last years, the research trend on accident analysis has confirmed the
prediction that "future studies of human error will need to encompass’
organizational as well as individual fallibility" (Reason, 1990, pg. 250).
Indeed, nowadays, the studies are still paying attention to the technical
components and the actions of the individual human operators involved
in a accident (i.e., the front-line parts of systems involved in accidents),
but also consider organizational and technical design and management
principles, practices, and decisions.

The role of socio-technical and organizational factors has been analyzed
in many domains: a) Serious and exceptional accidents (e.g., Fennel, 1987;
Wilson, 1986; Sheen, 1987). b) "Routinary" accidents in transportation
(e.g., car accidents) (Malaterre, 1990) and industrial plants (Kletz, 1990). c)
Development of conceptual tools (e.g.,, Waagenar, et al.,, 1990), and
systems for accident analysis and reporting (e.g., Bagnara, et al., 1989, van
der Schaaf, 1991). e) Errors in human-computer interaction (Frese, et al.,

1990). ,
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On the other hand, cognitive science and its applied counterpart,
cognitive ergonomics, have gained a pretty large corpus of knowledge on
the basic cognitive processes underlying human error and the interaction
with socio-cultural cognitive artefacts (Norman, 1990; Reason, 1990).

Within the new research trend, a comprehensive framework for the
analysis of accident causation in complex systems has been developed
(Reason, 1990; Wageenar, Hudson, and Reason, 1990), where socio-
technical, organizational factors, and cognitive processes are
acknowledged as both triggering and root causes of accidents. This
framework moves from the distinction between active and latent failures.
Active failures are errors and violations that have immediate and visible
negative effects, and occur right before an accident. Usually, the people
involved in them operate near to the outcomes of the human-machine
systems (e.g., pilots, control rooms operators, car drivers, etc.).

Latent failures are organizational and design actions or decisions that
yield conditions that may remain silent for a long time, until they
combine with triggering conditions and then produce an accident. They
are present in the system well before the onset of an accident sequence,
and, consequently, may facilitate the adoption of unsafe behavior. Socio-
organizational factors play a major role in establishing the conditions for
latent failures.

The shift of interest toward organizational factors and latent failures is
however very recent. Previously, especially in safety management, the
focus was on active failure, exception made for complex systems and
accidents with dramatic outcomes (see, e.g., Perrow, 1984). The reasons for
this general attitude are to be found in socio-cultural norms and
stereotypes, and compensation laws, which tended (and tend) to put the
responsibility on front-line people, rather than on those who established
the conditions for the accidents, i.e. for the latent failures. Such norms are
the social and institutional consequences of a very general cognitive bias:
In assessing the causes yielding to a deleterious outcome, people are
biased toward active failures (e.g., operator behaviors, technical faults)
and under-evaluate the role played by latent failures (e.g., work
organization, plant conditions), unless a deep analysis of the causal
scenario that yielded to the accident is carried out (see, e. g., Wagenaar, et
al. 1990).

A possible candidate to counter this bias, and then facilitate people to
move from active to latent failures in assessing the causal role of events
in a scenario, may be the use of the counterfactual thinking, that is the
retrieval or construction of alternatives to experience (Kahneman and
Miller, 1986). It is we ll-known that the concept itself of causation is
intimately tied to counterfactual questions, and that counterfactual
thinking affects causal assessment (Makie, 1974).
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In general, the study of counterfactual thinking tries "to identify the rules
that determine which attributes of experience are immutable and which
are allowed to vary in the construction of counterfactual alternatives to
reality” (Kahneman and Miller, 1986, p. 150). Wells and Gavansky (1989)
provided experimental evidence that an event is judged "as causal of an
outcome to the extent that mutations to that event would undo the
outcome". Recently, it has been claimed (Girotto, Legrenzi, Rizzo, 1991;
Ferrante et al. 1992) that the mutability of an event is inversely related to
the perceived constraints to that event in a scenario, and directly related
to the availability of alternative states to that event compatible with the
same perceived constraints. For instance, Girotto, et al. (1991) shown that
the human action is characterized by very high mutability, since it is
usually: a) Perceived as an expression of free will, independent from
external causes, and then characterized by a low degree of constraints. b)
Considered as an outcome of a choice between two or more competing
behaviors. Whichever the human action, it is in general thought as if
constraint-compatible alternatives to it were always available.

However, so far, the role of counterfactual thinking in causal assessment
has dealt with the evaluation of a single causal candidate, whereas it
should concern the scenario as a whole. The whole web of the perceived
relationships among the events in a scenario has to be properly
rearranged when an event is mutated. Data (Ferrante, et al., 1992)
showed that, when an event is constrained by, for example, social rules or
physical states, it is mutated together with its more salient constraints in
order to reach a newly-gained stable state of the scenario.

The present paper is aimed at: a) Confirming the idea that the mutability -
of each event depends on its perceived relationships with the other
events in the scenario; and b) Showing that the counterfactual evaluation
of accident scenarios should allow to explain accidents in terms of the
structural properties of the scenarios they are embedded in, rather than in
terms of isolated links or specific enabling conditions in a linear causal
chain of events.

2. Experiment

The general hypothesis that counterfactual thinking influences the causal
attribution process in direction of the whole structure of the causal
scenario has been tested by using a story (adapted by a real event, reported
by Gopher, et al. (1990)) about an accident occurred in a chemical plant.
The story presented two active failures, a human error and a fault in the
equipment, the general characteristics of the scenario in which the
accident took place, and the usual work practices. Based on this story,
three three different scenarios (Error-Only, Fault-Only, and Error and
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Fault) were built. Scenarios were evaluated by the subjects for both
mutation and cause, having the order of assessment manipulated.

It was reasoned that the hypotheses would be corroborated if the causal
assessment would be affected by a previous counterfactual (mutation-
based) assessment of the same scenario. Moreover, it was expected a
higher mutability of human behavior and working setting in comparison
with Error and Fault, in accordance with the general principle of
mutability.

Method

Subjects. 120 male and female university students attend'ing
psychology and humanities courses took part in the experiment. They
were randomly assigned to one of six groups of equal size (n = 20).

Materials. Three versions of a scenario with a dramatic outcome
were constructed. Each version of the story had a different distribution of
the experimental events: in version a) Only the Fault was present; in
version b) Only the Error was present; and in version ¢) both Error and
Fault were present. The scenarios presented to the subjects had two
common ("Work Environment" and "Work Procedures") and two
different sections ("Accident" and "What Happened"). The following
story was arranged for version c (Error & Fault Scenario) (In the following
text Error and Fault are in italics. Of course, there was not such cue in the
text presented to the subjects).

Work Environment ,
The accident took place in a chemical plant (see, Figure 1). The production process requires -
to combine raw material with an additional chemical in a prescribed quantity into a reboiler and
to heat the content of the reboiler until the chemical material in it vaporizes.

i)
B2 Tower
B e
Reboiler
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el B3 g = B

Figure 1. Schematic representation of the chemical plant where the accident took
place.

Work Procedure

The operator has to feed the reboiler (B) with a set quantity of the additional chemical, close
the tank hatch (B2), open the faucet in the storage tank (S), operate the pump (P), and watch
over the transfer of raw material from the storage tank to the reboiler by on-going monitoring
of the altimeter (B1). When the altimeter reports that feeding reaches the set quantity, the
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pump stops automatically. Along the feeding process, the operator has to set the
temperature in the furnace (B3) under the reboiler to reach vaporization of the compound in
the reboiler.

In this process, it is important to control the quantity of material that enters the reboiler. This
control is performed by the regulator of an altimeter attached to the reboiler, which also
serves as an automatic controller stopping the action of the pump (P) after the desired
quantity of material has been fed through. It is also important to set: a) the quantity of
additional chemical to be entered in the reboiler as a function of the raw material. The
additional can be fed into the reboiler either before or after it has been filled with raw material;
b) the heating of the compound in the reboiler for its vaporization.

The additional chemical is entered through a hatch (B2) at the top of the reboiler. Beneath
the reboiler, there is a furnace (B3). In the case of a malfunction in the automatic altimeter
operation, the hatch opening also enables a manual measurement of the level of material in
the reboiler. This operation is performed by sticking in the reboiler a measuring rod through
the hatch opening.

The Accident ]
On the day of the accident the operator set the pump into motion in order to feed the raw
material (45 tons worth) to the reboiler. At the same time, he started the furnace, but
mindlessly set the temperature too high. The operator followed on the altimeter the process
of filling. He noted that it was taking longer than expected. He suspected, though he could
not tell so directly, a failure in the altimeter. He verified his suspicion by examining the gauge
on the storage tank (A2), and then immediately stopped the pump so as to halt the flow to
the reboiler. Then, he climbed on the reboiler in order to assess the quantity of material in
the boiler through the opening hatch and possibly add more additional chemical for a proper
chemical reaction. As he was opening the hatch, the boiling material overflew from the
reboiler and spilled out onto his legs, causing severe burns.

What Happened ,

The fault at the altimeter produced the exceeding inflow into the reboiler of raw material.
Furthermore, a too high temperature in the furnace produced an excessive heating of the
compound in the reboiler. All this brought to an early vaporization of the additional chemical
and altered the rate raw material/additional chemical imperiling the process. To avoid this the
operator had to fill in more additional. But as he was opening the hatch the exceeding raw
material and its high temperature produced the overflow of boiling material. ;

Procedure:. Each participant was a written copy of one of three
versions of the story and an answer frame. The versions were randomly
assigned to subjects. For each version, half of the subject had to read the
story and were asked to rank, firstly, the different ways the events in the
story might have been to avoid the outcome, and, secondly, the causes
leading to the accident. For the other half, the order of assessment was
inverted (causes first, mutation after). Subjects were informed that they
could refer back to the story if they wished.

Design:. Since not all the events were present in all the scenarios,
the experimental design was divided according to the distribution of the
events. There were two 3 (Event: either Fault or Error, Operator behavior
and Plant Inadequacy) X 2 (Order of assessment: either Cause or Mutation
first ), plus one 4 (Event: Fault, Error, Operator behavior and Plant
inadequacy) X 2 (Order of assessment) factorial designs.
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3. Results

The subjects' responses were analyzed and coded by three independent
evaluators. The inter-coders' reliability was higher than 95%.
Disagreements were resolved via discussion. Answers were classified
according to the following categories: a) human Error, b) Fault of the
equipment, c) behavior of the operator after the Error and/or Fault, d)
inadequacy of the plant or procedures. Note that in the story was not
explicit information about the last category.

For each experimental event, two indexes (mutability and causality) were
computed. The events were ranked on the basis of the order the
mutations or the causes were reported by the subjects: In the both
mutation and cause lists of each subject, rank 1 was assigned to the first
experimental event mentioned, the rank 2 to the second, and so on. The
rank 4 was assigned to any event that was not mentioned by the subject.
Three subjects were discarded from the final analysis because their
answers did not allow to identify the order of the mutations (e. g., two o
more experimental events were merged).

Data were submitted to two-way ANOVAs (Event X Order of
Assessment). Each order of assessment of any scenario was to a one-way
ANOVA (Event factor at three or four levels). Post-hoc comparisons were
computed by mean of Fisher PLSD. The main results will be presented as
a function of the indexes (mutability and causality) and the scenarios.

Mutability.
i) In the Fault-Only Scenario (FOS), the two-way ANOVA showed a
significant Event main effect (p < 0.0001; F = 22.44). '
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2. Fault-Only Scenario (FOS): Event x Order of assessment.
(Note that in this and all the following figures: a) A low rank means that the event has been
reported first in the list of mutation or causes. b) Mutation first condition requires subjects
to list the mutation immediately after the reading of the story, then to list the most relevant
causes. c) Cause first condition requires subjects to firstly report the most relevant causes of
the accident then to produce the mutations in the story).
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The one-way ANOVAs showed a significant effect both for the Mutation-
first condition (p < 0.0001) and for the Cause-first condition (p < 0.01) (see,
Figure 2). Post-hoc analyses showed a significant (p < 0.001) difference
between each event in the Mutation-first condition (Operator behavior
ranked > Plant inadequacy > Fault), and only between Operator behavior
and Fault in the Cause-first condition (p < 0.001).

ii) In the Error-Only Scenario (EOS), the Event main effect (p < 0.001; F =
9.49) and the interaction (p < 0.05; F = 3.19) were significant (see, Figure 3).
The Mutation-first condition turned out significant (p < 0.001). Post-hoc
analyses showed that the differences between Plant inadequacy and both
Operator behavior and Fault were significant (p < 0.01). The comparison
for the three levels of the Event factor in the Cause-first condition did not
reach significance.
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Figure 3. Error-Only Scenario (EOS).
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Figure 4. Error&Fault Scenario (EFS).

iii) In the Error and Fault Scenario (EFS), the Event main effect (p <
0.0001; F = 11.99) and the interaction (p < 0.05; F= 2.74) were significant
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(see, Figure 4). Both the Mutation-first and the Cause-first conditions
showed significant differences among the events (p < 0.001). Post-hoc
analyses revealed: a) a difference between Plant inadequacy and Operator
behavior versus Fault and Error for the mutation first condition; b) a
difference between operator behavior versus the remaining events for the
Cause-first condition.

Causality.
i) With the Fault-only Scenario, nor the main effect neither the
interaction were significant (see, Figure 5).
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Figure 5. Causal Assessment for Fault-Only Scenario (FOS).

ii) With the Error-Only Scenario, the Event main effect (p < 0.0001, F =
10.63), and the interaction (p < 0.05, F = 3.25) were significant (see, Figure -
6).
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Figure 6. Causal Assessment for Error—Orﬂy Scenario (EOS).
The Mutation-first condition and the differences within it turned out

significant (p < 0.0001, and p < 0.01, respectively). The comparison for the
three levels of the Event factor in the Cause-first condition did not reach
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significance (p < 0.06), though the post-hoc analyses showed a significant
difference between and Plant inadequacy (p < 0.05).

iii) With the Fault & Error Scenario, only the interaction (p < 0.001, F =
5.29) was significant (see Figure 7). The Cause-first condition turned out
significant (p < 0.001) with the Error different from both the Operator
behavior and the Plant inadequacy (p < 0.01), and the Fault different from
the Plant inadequacy (p < 0.01). The comparison for the four levels of the
Event factor in the Mutation-first condition showed no significant

difference.
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Figure 7. Causal Assessment for Error&Fault Scenario (EFS).

4, Discussion

Overall, the results confirm the principle of mutability and its corollary,
which maintains that events under deliberate conscious control (i.e.,
human actions, when not constrained by social rules or physical states)
are more mutable than surrounding events (Girotto, et al., 1991).

Whichever the scenario, Plant inadequacy (considered as expression of
management decision and practice), and Operator behavior were more
mutated than Error (note, due to an unwilled action, i.e., a slip, which
cannot be considered as the outcome of a choice among equally available
alternatives) and Fault. In detail, with the Fault-Only Scenario, subjects
preferred to modify Operator behavior more than Plant inadequacy (i.e.,
working conditions) and technical Fault. Operator behavior and working
conditions were perceived as less constrained than the technical Fault
because related to voluntary decision. A similar pattern of mutations was
observed for the scenario where both Error and Fault occurred (the
Operator behavior and the Plant inadequacy were more mutated than the
Fault and the Error). Whereas, in the scenario where only the Error
occurred, the Plant inadequacy were significantly more mutated than
both the Operator behavior and the Error. This unexpected pattern can be
explained by analyzing the kinds of mutations produced by the subjects.
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Besides the mutations concerning generic improvements of the safety
conditions of the plant, there were many specific mutations about the
introduction of devices signalling the error. By considering such an
outcome and the inverse trend present in the Only-Fault Scenario, it may
be speculated that subjects assumed that, when one of the two sides in a
human-machine system fails, the other should enable a recovery. This
speculation indicates that the relationships among error, recovery and
context should be further investigated.

In general, the present evidence corroborates the idea that mutability of
an event does not depend on the causal chain only, but is affected by the
whole web of constraints and relationships among all the events in the
scenario.

The main experimental hypothesis predicted that the causal assessment
would be affected by a previous counterfactual (mutation-based)
assessment of the same scenario. The results clearly supported this
hypothesis.

In the Error-Only Scenario, subjects, when requested to rank first the
causal role of the events, were always prone to consider the Operator
behavior as the most relevant cause followed by the human Error and
the Plant inadequacy. After the counterfactual assessment, the causal role
of Plant and procedures inadequacy increased while the role of the Error
decreased.

In the scenario where both the Error and the Fault were present, the effect
of counterfactual thinking was even stronger. When the causal
assessment was performed before the counterfactual thinking, the
subjects produced a ranking of causes where the Error was by large the
first, followed by the Fault, Operator behavior and Plant inadequacy, -
respectively. After the counterfactual assessment, there was no significant
difference in the ranking among the events, and the order presented an
inverted trend. In the Fault-Only Scenario, the trend was consistent with
the other two scenarios, but there was no significant effect.

It is important to note that the characteristics of the plant, even if not
explicitly reported in the story, played a major causal role after the
counterfactual evaluation. It allowed to identify events and states not
explicitly presented in the scenario, which however might actually play a
role in the production of the outcome. These states are thought as
binding, though hidden and implicit, attributes and properties of
scenario, and strongly influence the propensity of a scenario to assume
alternative configurations (see, Kahneman and Varey, 1991). Indeed, the
counterfactual thinking deals with all (either explicit or implicit)
alternative states of the world that might have occurred. The mutability
of the events in a scenario ant its propensity to swing in an alternative
state are strongly interwoven. It can be concluded that the counterfactual
thinking is instrumental in making apparent both the hidden and the
global features of a scenario.
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6. Conclusion

The above presented and discussed results show that naive people can
move from active to latent failures when they make use of counterfactual
thinking in assessing the causal role of the events in a scenario yielding to
a deleterious outcome. This effect can be exploited in accident data
collection and analysis. An increasing number of systems for reporting
accidents rests on self-reports of accidents and on individuals' causal
assessment and suggestions for improving the safety conditions. The data
produced by these reports are usually assumed as very relevant: yet they
can be strongly biased toward active failures. The adoption of simple
questions concerning the undoing of the negative outcome can facilitate
the analysts to move from the active to latent failures and to "discover”
the hidden events and structural properties which may have played a
substantial role in producing the accident.
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ABSTRACT

The paper considers the role of working memory in the execution of a complex skill.
More specifically, it is concerned with the relationship between working memory and
the development of expertise and the role played by external memory sources and
display-based problem solving in computer programming tasks. Two experiments are
reported which demonstrate that the development of expertise in programming does
not appear to depend upon an increase in working memory capacity or availability.
This finding is unexpected given the importance placed upon working memory
capacity in other theoretical accounts of the development of complex skills. These
experiments provide evidence for an alternative view which suggests that expertise in
programming may be dependent upon the development of strategies for efficiently
utilising external displays for the purpose of recording intermediate states and partially
formed solution steps. In this context, it appears that novices rely extensively upon
working memory to generate as much of a solution as possible before transferring it
to an external source. In contrast, experts engage in problem solving behaviour which
is characterised by the extensive use of an external display as an information
repository. This gives rise to a pattern of generation behaviour which manifests itself
in terms of a closely linked cycle of code generation and evaluation activities. One of
the most striking results of this work is that when experts are unable to use an
external display to support facets of this activity then their performance deteriorates to
the level typically exhibited by novices. These results are discussed in terms of a
framework which emphasises the role of display based-problem solving and its
contribution to strategy development. Finally, the implications of this work for our
understanding of errors and for the design of programming environments are briefly
discussed.

1. Introduction

A common finding in recent research into the cognitive aspects of programming is that code is
not generated in a linear fashion - i.e., in a strict first-to-last order (Davies, 1991; Rist, 1989).
Rather, many deviations are made from linear development, where programmers leave gaps in
the emerging program to be filled in later. Green et al (1987) have proposed a model to account
for this finding. Their Parsing/Gnisrap model introduces a working memory component into
the analysis of coding behaviour which forces the model to use an external medium (eg the
VDU screen) when program fragments are completed or when working memory is overloaded.
This means that programmers will frequently need to refer back to generated fragments in order
to recreate the original plan structure of the program which may have only been partially
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implemented in code. The parsing element of the model describes this process, while gnisrap
(the reverse of parsing) describes the generative process.

Davies looked at the nature of the nonlinearities in program generation for programmers of
different skill levels. One finding to emerge from this work was that experts perform a greater
number of between-plan jumps than novices and that novices tend to perform more within-plan
jumps - that is, adopt a linear generation strategy. This might seem anomalous, since if we
assume that the re-parsing of a generated output involves some cognitive cost, then one might
expect the development of programming skill to be partly dependent upon a programmer's
ability to generate as much of the program internally before writing it to an external source,
thus reducing the need to re-parse. However, the opposite appears to be the case. The results
of Davies (1991) suggest that skilled programmers make much use of external memory sources
(i.e., a VDU screen) while novices tend to rely upon the use of internal memory to develop as
much of the solution as possible before transferring it to external memory.

2. External memory and display-based performance in problem solving

The parsing/gnisrap model displays several important commonalities with emerging models of
planning and problem solving in other complex domains. In particular, this model stresses the
role played by external memory sources as information repositories which can be used to
record intermediate problem solving states. In a similar vein, work connected with the
development of planning models in Artificial Intelligence (Agre and Chapman, 1987; Ambros-
Ingerson,1987) has suggested that actions are often enacted before plans or problem solution
sequences are complete. In formulating this alternative account of planning, these models
stress the inexorable link between the planning process and the execution of plans.

More recently, the role of external memory sources as repositories for search control
knowledge and intermediate state information has gained prominence in a number of accounts
of problem solving (Greeno, 1989; Larkin, 1989). For instance, Larkin (1989) has proposed a
production system model of human 'display-based' problem solving (DiBS) where the
system's working memory is divided into two kinds of elements: those reflecting the problem
solver's internal goals and those representing features of external real world objects. As in
other production system models, specific productions are executed when their preconditions
are satisfied in working memory (Anderson, 1983). The associated actions of these
productions then act in turn to modify the content of working memory. In terms of Larkin's
model, these changes can arise in two ways - either as changes to the physical world or as
changes to the problem solver's internal representation of goals and subgoals.These
approaches suggest that problem solvers may develop strategies which place reliance upon the
use of an external display rather than upon internal sources. Indeed, Howes and Payne (1990),
suggest that "becoming skilled with a system does not necessitate learning a set of packaged
methods. Rather, skilled users become good at getting the right information from the display
when they need it, in the service of performance” (p 653).

These accounts of problem solving and planning are clearly very similar in their general form
to emerging accounts of problem solving and planning in the programming domain. For
instance, a central feature of the parsing/gnisrap model is the idea that code generation involves
two fundamental psychological processes; one in which the external structure (program code)
is created from the internal (cognitive) structure that represents the problem requirements and
an inverse process by which this internal structure is recreated when necessary from the
external structure.

Similarly, Gray and Anderson (1987) stress the importance of the evaluation episodes that are
frequently seen to occur during code generation. The existence of these evaluative activities
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presumably implies that programmers are able to extract relevant information from the code that
they have already generated in order to inform their subsequent problem solving activity. This
will necessitate re-parsing the code and then matching it with an internal representation of plans
and goals. A similar distinction between evaluative and generative activities in statistical
problem solving has been proposed by Allwood (1984). Hence, in terms of these models of
problem solving, the external display become a central repository for intermediate state
information when working memory is loaded.

One question that arises in the present context relates to the extent to which expertise in
programming and in other complex skills can be explained by recourse to an extended working
memory model as opposed to a model which places emphasis upon the role of externalised
memory structures and display-based comprehension? The following experiments attempt to
address this issue directly. The first experiment considers the role of working memory in the
determination of strategy for novice and expert programmers. The second experiment looks at
the effects upon certain error forms of restricting the kinds of manipulations programmers can
make within an environment.

3. Experimental Studies

In the first experiment, subjects carried out a simple articulatory suppression task while
engaged in a program generation activity. If working memory limitations cause programmers
to make use of an external medium, as suggested by Green et al, then the act of loading
working memory through a concurrent task should give rise to an increase in nonlinearities,
since subjects would have to engage more fully in the parsing/gnisrap cycle in order to make
use of the external display.

The second experiment looks at the way in which restricting the use of an external medium
affects performance. Here, if programmers are not able to correct already generated code at
later stages in the coding process, then this should have some effect upon their performance. In
this experiment, subjects created a program using a full-screen editor that provided no
opportunity for the revision of existing text. The use of such an editor clearly places a
significant load upon a subjects working memory capacity since they will be required to
internally generate as much of the program as possible before externalising it. By placing
emphasis upon the use of working memory it should be possible to induce error prone -
behaviour which parallels that evident when working memory is loaded in other ways, for
instance via articulatory suppression.

We might expect a detrement in expert performance when the device used to create the program
is restricted in such a way as to make retrospective changes impossible. This is based upon the
assumption that experts make greater use of external sources to record partial code fragments
which are then later elaborated. Conversely, it has been suggested that novices will tend to rely
more upon generating as much of the program internally before writing it to an external source.
1t is clear that these strategic differences will be supported to a greater or a lesser extent by the
device used to create the program. Hence, for expert programmers, it might be suggested that
restricting the device will cause them to revert to a novice strategy, since they will then be
unable to use the external display in the normal way.

Establishing support for this hypothesis would have a number of implications. Firstly, it
would suggest that the development of expertise may not be based simply upon the acquisition
of knowledge about a given domain. If this were the case, we would expect experts to perform
better than novices regardless of the constraints imposed by the task environment. Secondly, it
would indicate that increased working memory availability does not necessarily lead to better
performance. Moreover, if working memory availability is correlated with expertise, then
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experts should perform better that novices in situations where they must rely upon internal
sources. If this is not the case, then we might question the status of working memory in
theories dealing with the development of complex skills. An alternative explanation is to argue
that experts have developed particular strategies for dealing with task complexity that involve
close interaction with external information repositories in order to record partial solution
fragments as they are generated. If novices have failed to develop such strategies, then it is
unlikely that their performance would be affected significantly by restricting the task
environment.

This analysis can be extended by classifying the errors in the programs generated by subjects.
A scheme devised by Gilmore and Green (1988) suggests four main categories of error:

1 - Surface level errors caused mainly by typing and syntactic slips: (e.g. confusion between <
and >, missing or misplaced quotes etc).

2 - Control-Flow errors: (e.g. missing or spurious else statements, split loops etc).

3 - Plan-Structure errors: (e.g., guard test on wrong variable, update wrong variable etc.)

4 - Interaction errors: Errors occurring at the point where structures of different types interact:
(e.g. a missing 'Read' in the main loop, initialisations within the main loop).

It is clear that some of these errors can be categorised as knowledge-based (specifically, plan-
structure errors) while others will be dependent upon working memory limitations. For
example, both control-flow and interaction errors, since they depend upon establishing
referential links and dependencies between code structures, are likely to be affected by working
memory constraints. In terms of the first experiment, we might expect both control-flow and
interaction errors to predominate in novice solutions where working memory availability is
reduced. In the case of experts, it is argued that the interactions between code structures will be
evaluated in the context of an external memory source. That is, by re-parsing existing code
fragments in order to reconcile them with the code the programmer is currently working on.
Thus, that the act of loading working memory should not affect the occurrence of these types
of error.

In the case of the second experiment, we would expect the converse. If experts are not able to
use the external display in the manner predicted, then it might be hypothesized that interaction
and control-flow errors will predominate in the condition where use of the device is restricted.
It might also be predicted that this experimental manipulation will not affect the occurrence of
plan-structure errors since these are hypothesized to be knowledge-based rather than strategy-
based.

3.1 Experiment 1. Effects of articulatory suppression on strategy and errors
3.1.1 Method

Subjects: Twenty subjects participated in this experiment. One group of ten subjects
consisted of professional programmers. All the subjects in this group used Pascal on a daily
basis and all had substantial training in the use of this language. Members of this group were
classified as experts. A second group consisted of second year undergraduate students all of
whom had been formally instructed in Pascal syntax and language use during the first year of
their course. Members of this group were classified as novices.

Procedure and Design: Subjects were asked to carry out a simple articulatory suppression
task which involved repeating a string of five random digits. At the same time, subjects were
requested to generate a simple pascal program that could read a series of input values, calculate
a running total, output an average value and stop given a specific terminating condition. This
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specification was derived from Johnson and Soloway (1985) and was chosen because it has
formed the basis of many empirical studies. Hence, the resulting programs could easily
analysed for errors and plan structures.

Error _Experiment 1(Suppression) Experiment 2 (Restricted Env.)
Type No Suppression Suppression Non Restricted Restricted
Novice | Expert | Novice | Expert| Novice | Expert | Novice | Expert
Surface| 19 28 10+ 25 21 29 21 11+
Plan | 3¢ 22 15+ 25 40 22 38 9" +
Control 24 25 34 23 21 26 19 33
Interaction 21 25 41 27 18 23 22 47+

Table 1. Number of errors on task completion for experiments 1 and 2 showing significant
differences at the 0.05% level within (*) and between (+) conditions.

Subjects were allowed to study the specification for 5 mins and were then asked to generate a
program corresponding to this specification while engaged in the concurrent suppression task.
The subjects were given 15 mins. to complete this task, typing their solutions onto a familiar
text editor. Subjects' keystrokes were recorded for further analysis. This analysis provided an
indication of the temporal sequence in which programs were generated. Three independent
raters were asked to analyse all the resulting program transcripts for the presence of common
plan structures (Soloway and Ehrlich, 1984) and for errors (using the classification described
above). Within and between-plan jumps were defined as follows: Within-plan jumps were
classified as movements between a particular line of the program text to another line which
formed part of the same plan structure. Between-plan jumps were defined as movements from
the current line to lines within different plan structures (see Davies, 1991). These protocols
applied only to situations where the jump was followed by an editing action. The experiment
was a two-factor design, with the following independent variables: 1. Articulatory
suppression/No suppression and 2. Level of expertise (Novice/Expert).There were two
dependent variables: 1. The number of Between/Within-plan jumps and 2. Errors remaining in
the final program

3.1.2 Results

Plan-jumps: Figure 1 shows the number of within and between-plan jumps performed by
novice and expert programmers in the two experimental conditions. Analysis revealed main
effects of suppression (Fj 7, = 8.47, p<0.01) and expertise (F 72 = 12.56, p<0.01) on
jump-type and a more complex interaction between suppression and expertise (F; 54 = 4.73,
p<0.05). A number of post-hoc comparisons were carried out using the Newman-Keules test
with an adopted significance level of p<0.01. This procedure indicated that experts produced
significantly more between plan jumps than novices in the non-suppression condition.
Conversely, novices produced a greater number of within plan-jumps in this condition. In the
case of the suppression condition, there were no significant differences.
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Errors: Figure 2 shows the total mean number of errors remaining in the programs on task
completion for novice and expert subjects in the two experimental conditions. Analysis
revealed a main effect of expertise (Fy 36 = 9.37, p<0.01) and suppression (F; 34 = 4.54,
p<0.05) and an interaction between these two factors (F1.36 = 15.89, p<0.01). Once again a

number of post-hoc comparisons were carried out using the Newman-Keules test with an
adopted significance level of p<0.01. This indicated a significant difference in error rates in the
both experimental conditions when comparing the novice and expert groups. In addition, a
significant difference between error rates across conditions was evident for the novice group.
In the case of the expert group the same comparison proved not to be significant.
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Error classification analysis: In the case of experts, there is a fairly even distribution of .
error types across the two experimental conditions (See Table 1). Indeed, further statistical
analysis revealed no significant differences between error types both within and between
conditions (multiple t-tests). In the case of the novice group, the distribution of error types is
less straightforward. In the non-suppression condition, novices produced a significantly
greater number of plan errors in comparison to the other categories (t-test). Moreover, the only
significant difference between the novice and experts groups in this condition was the number
of plan errors produced by the novice group (t-test). In the second condition, the distribution
of errors across classification types for expert subjects was again fairly even. No significant
differences between any of the error classifications were evident. For the novice group,
significantly more control-flow and interaction errors were evident in comparison to the other
two error classifications (t-test). Moreover, for the novice group,the number of plan errors
occurring in the second condition was significantly less than in the first condition (t-test).

Discussion: This experiment shows that expert performance in programming tasks is not
significantly affected by articulatory suppression. Hence, for experts the number of errors
produced is not significantly different comparing the suppression condition to the non-
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suppression condition. Moreover, it appears that strategy is similarly unaffected. Hence, the
prevalence of between-plan jumps in the non-suppression condition for the expert group is not
diminished in the suppression condition. Similarly, the occurrence of within-plan jumps does
not differ significantly in the two experimental conditions.

Conversely, the novice group produced significantly more errors in the suppression condition
when compared to the non-suppression condition. In addition, the nature of the coding strategy
that they adopt is also affected. In particular, it appears that novice programmers revert from a
linear generation strategy characterised by the prevalence of within-plan jumps, to a strategy
more characteristic of experts. That is, to a strategy which reflects a greater number of
between-plan jumps.

Earlier it was stated that expert programmers appear to rely much more extensively than
novices upon the use of external sources to record partial code fragments and that the act of
loading working memory or of otherwise reducing its availability would not affect this
process. It was suggested that experts will tend engage in very closely linked cycles of
planning, subsequent code generation and evaluation. Since it is posited that this process relies
little upon the programmer's working memory capacity it is reasonable to expect that
articulatory suppression would not affect the nature of performance in the context of this task.
The results of this experiment provide support for this view. Further support for this view is
evident in the error data. In the non-suppression condition, novice subjects are clearly more
error prone than experts. This finding is not unexpected. However, in the suppression
condition, the error rate for the expert group changes little from this base line whereas the
novice error rate more than doubles. This may indicate that when working memory is loaded
novices must externalise information and that this constitutes a strategy which they find
unnatural, thus leading to an increased error rate.

A more detailed analysis of these errors reveals a change in the nature of errors for novice
subjects between the two experimental conditions. In the non-suppression condition, the
novice group make a greater number of plan errors, suggesting knowledge-based difficulties.
Conversely, in the suppression condition a greater proportion of control-flow and interaction
errors are evident. In terms of the present analysis, the preponderance of control-flow and
interaction errors may reflect problems keeping track of the interdependences between elements
in the emerging program. When working memory availability is reduced it appears that novices
experience some difficulty with these interdependences. Unlike experts, it appears that novices
cannot use the external display as an aid to memory to its full extent.

An alternative explanation for these findings is that experts simply have an extended working
memory capacity (Chase and Ericsson, 1982; Staszewski, 1988). Such an account would
presumably have no difficulty predicting the results of the experiment reported above. In order
to assess the cogency of this alternative explanation, the second experiment reported in this
paper adopts a different approach for exploring the relationship between working memory and
the development of programming skill. In particular, if experts, for whatever reason, are able
to extend their effective working memory capacity or increase its availability in other ways then
restricting the task environment should not significantly affect their performance.

3.2 Experiment 2. Effects of restricting the task environment

The second experiment is complementary to the first. Whereas the first experiment attempted to
reduce the subjects' available working memory capacity, this experiment has been designed to
encourage subjects to rely upon working memory. Hence, if experts have an extended working
memory capacity they should demonstrate performance equitable to that displayed in the first
experiment. Moreover, if the extended capacity notion is correct, then experts should out
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perform novices even in the situation where the task environment is severely restricted as in
this second experiment.

3.2.1 Method

Subjects, Procedure and Design: The same subjects took part in this experiment, with
the order of participation randomised. Subjects were asked to produce a program
corresponding to a brief specification which involved processing simple bank transactions.
Here, the nature of the task environment formed the basis for the two experimental conditions.
In one condition, subjects used a familiar full-screen text editor. In the second condition
subjects used a modified version of the same editor,which allowed only restricted cursor
movement. That is, from the top of the screen to the bottom. and only between adjacent lines.
Once a subject had generated a line and pressed the return key, they were unable to then return
to that line to perform other editing operations. The editor did however allow edits to the
current line being generated. Subjects first participated in a 5 min. familiarisation session,
where the basic modifications to the editor were described. Subjects were then asked to attempt
to generate a program from the specification and were asked to check each line of their program
before pressing the return key, in order to determine whether they were satisfied with their
response. 15 mins were allowed for this task. This experiment was a two-factor design with
the following independent variables: Environment (restricted/unrestricted) and Level of
expertise (Novice/Expert). In this case the dependent variable was the number of errors
remaining in the final program.

3.2.2 Results

Errors: The results of this experiment are shown in figure 3. These data were analysed using
a two-way analysis of variance with the following factors; Environment (restricted or
unrestricted) and Level of expertise. This analysis revealed a main effect of Environment
(F136 = 5.74, p<0.05), a main effect of Level of expertise (F 136 = 4.21, p<0.05) and an
interaction between these two factors (Fj 36 = 9.76, p<0.01). Post-hoc comparisons were
carried out using the Newman-Keules test with a significance level of p<0.01. This analysis
revealed a significant difference between the number of errors produced by novices and experts
in condition 1.
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Error classification: The resulting program transcripts were analysed according to the
classification scheme described previously. In the case of experts, there were no significant
differences between error types within this condition (t-tests). For the novice group, the
distribution of error types in the first condition suggests a greater proportion of plan errors in
comparison to the other categories (t-test). In the second condition, the distribution of errors
across classification types for expert subjects was more complicated. This showed a greater
proportion of control-flow and interaction errors compared to the other classifications (t-tests).
In addition, experts produced significantly more control-flow and interaction errors in
comparison to the first condition (See Table 1).

Discussion: These results provide a striking demonstration of the effects of restricting a task
environment. We have argued above that experts rely to a great extent upon using the external
display to record fragments of code that are then further elaborated at subsequent points during
the generation process. This led to the hypothesis that if programmers were unable to return to
previously generated fragments then they would be forced into a situation where they would
have to rely extensively upon working memory. However, it appears that while novices are
seemingly unaffected by changes to the task environment, experts not only perform worse than
novices but also produce the kinds of errors that are indicative of an inability to internally
construct links and dependencies between code structures. These results reveal that experts
produce more errors than novices in the restricted task environment. Moreover, experts
produce a significantly greater number of control-flow and interaction errors in this second
condition.

It was suggested previously that the first experiment that the results might be interpreted as
indicating that experts have an extended working memory capacity. However, if this is the case
then the results of this second experiment would appear to be rather anomalous. If we assume
that experts have an extended working memory capacity in comparison to novices, then we
might expect that situations which cause experts to rely upon working memory would not give
rise to such an extensive decrement in performance. Moreover, in terms of this view there
appears to be no reasonable explanation as to why experts produce many more control-flow
and interaction errors in comparison to novices.
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A more cogent explanation for these findings might simply involve suggesting that experts rely
upon external sources and are not able to efficiently revert to a strategy that demands extensive
reliance upon working memory. This would account for both sets of experimental findings. In
the first experiment a reduction in working memory availability did not affect expert
performance. This could clearly be accounted for in two ways. On the one hand, it could be
argued that experts simply have an extended working memory capacity. Conversely, we might
claim that experts rely extensively upon external sources and find it difficult to adopt other
alternative strategies. However, the second experiment appears to suggest that the first of these
explanations is incorrect. In particular, if experts have an extended working memory capacity
then we would expect them to perform better than novices in situations where a reliance upon
working memory is necessitated. This appears not to be the case.

Another finding relating to this data was that in the restricted environment condition the expert
group produced fewer surface and plan errors. An explanation for this may be that, in the
restricted environment condition, the normally automatic aspects of programming skill are
disrupted. This may lead the programmer to attend to the knowledge-based components of
programming skill leading to a reduction in surface and plan-based errors. There is evidence in
the literature which suggests that so called 'skill' and 'knowledge-based' errors are to some
extent disassociable (Reason, 1979).

3.3 Conclusions

These experiments have a number of general implications. Firstly, it appears that experts rely
upon external sources to record code fragments as these are generated and then return later, in
terms of the temporal sequence of program generation, to further elaborate these fragments. It
has been suggested that a major determinant of expertise in programming may be related to the
adoption or the development of strategies that facilitate the efficient use of external sources.
The externalisation of information clearly has a high cost in terms of the reparsing or
recomprehension of generated code that is implied. Hence, it might seem counter intuitive to
suggest that problem solvers will tend to rely upon this kind of strategy rather than upon a
strategy which involves the more extensive use of working memory. However, this
explanation is consonant with existing work which has implicated display-based recognition’
skills in theoretical analyses of complex problem solving (Larkin, 1989). The contribution of
these analyses has been important, but they have neglected to consider the relationship between
display use and expertise and the consequent effect that this may have upon the nature of
problem solving strategies.

3.3.1 Display-Based Problem solving and errors

The work reported here also poses implications for the way in which we might attempt to
explain the occurrence and distribution of error types. In particular, it is clear that a certain
classes of error can be attributed to working memory limitations and that such errors are not
distributed at random. In terms of the error classification employed here, it appears that
interaction and control flow errors predominate in situations where working memory
availability is reduced. Previous work (Anderson, 1989) suggests that errors arising from
working memory failures will occur at random. However, the results of the studies presented
here suggest that working memory related errors may have a more systematic distribution, and
that the type of errors one might expect to occur may to some extent be predictable.

Another finding relating to the error data was that in the restricted environment condition the

expert group produced fewer surface and plan errors than in the unrestricted condition. One
possible explanation for this is that, in the restricted environment condition, the normally
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automatic procedural aspects of programming skill are disrupted. It is possible that this may
cause the programmer to focus attention upon the knowledge-based components of
programming skill leading to a reduction in surface and plan-based errors. There is evidence in
the literature which suggests that so called 'skill' and 'knowledge-based' errors are to some
extent disassociable (Rasmussen, 1983; Reason, 1979;1990) and it is possible that the
restricted environment led to an increased awareness of knowledge-based errors. Moreover, in
common with the findings of the present study, one would expect this effect to occur only in
the context of expert performance where the procedural aspects of programming skill are likely
to be subject to automatization.

3.3.2 Language features and task environments

Gilmore (1986) has criticised Anderson and Jeffries' analysis of working memory errors from
a rather different perspective. Gilmore suggests that their analysis "is very weak and its main
impact lies in the new approach, rather than the detailed analysis. The main weakness is that
language features do not seem to be considered relevant to the analysis. Anderson and Jeffries
make no attempt to analyse the causes of processing overload ..." (p 528-529).

This criticism is pertinent to the present analysis since the nature of display-based problem
solving in programming will be highly dependent upon features of the particular programming
language considered. For example, Green (1990) suggests that some programming languages
are "viscous" in that they are highly resistant to local modification. For instance, adding a line
to a Basic program may involve renumbering other lines such that the correct control flow is
maintained. In terms of the analysis presented here, less viscous languages will provide better
support for the kind of incremental problem-solving processes that are proposed. Hence, we
might predict that programmers using different languages will make different kinds of error. In
addition, since experts appear to employ an incremental strategy and novices a characteristically
linear strategy, then it could be argued that some languages may be more suited to experts and
others to novices.

The language features described above will affect the strategies employed in the generation of
code. However, there are other language features which will affect its comprehension. Gilmore
and Green (1988) suggest that some languages are "role-expressive" (for example, Pascal) in
that they may contain a rich source of lexical cues which enable a programmer to distinguish
more easily the constituent structures contained in a program written in that language. They
contest that less role-expressive languages (for instance, Prolog) are lexically more amorphous
and that such languages will not facilitate certain forms of comprehension. However, it also
appears that this effect may be dependent upon the prior experience of the programmer, since
only those trained in program design appear to be able to benefit from cues to plan structure
(Davies, 1990).

More recently, claims have been made about object-oriented languages which may provide
support for the present analysis. For example, Rosson and Alpert (1990) have claimed that
such languages facilitate decomposition of the problem space by enabling programmers to
develop encapsulated chunks of code whose internal operations are effectively isolated from
other chunks. They go on to claim that this form of decomposition will increase the amount of
information that can be held in working memory since objects in the problem space can be held
as separable chunks whose lower order implementation has no implications for other objects of
interest. This arises because object-oriented languages enable a programmer to establish an
abstract interface to a data structure which effectively hides the implementation details from the
procedure using that data. All access to a data structure is effected via operations provided by
the data structure's public interface. In object-oriented languages, the data contained within an
object are private to that object and are accessible only via messages to the owning object
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(Micallef, 1988). Hence, the message interface can make useful information about an object
available while hiding its implementation details (Goldberg and Robson, 1983).

Rosson and Alpert claim that this kind of encapsulation will reduce working memory load
since the programmer need not worry about the interactions between the object they are
constructing and other objects. This claim has not been subject to empirical evaluation but the
analysis presented in this paper would suggest that such a claim may well be valid. One should
note, however, that at other levels, the use of object-oriented languages may place an extra
burden upon working memory. In particular, in most object-oriented systems one is forced to
specify the relationships among objects (or more accurately, among classes of objects) before
operations upon those objects can be defined. Détienne (1990) has shown that this requirement
causes considerable difficulties since changing the structure of an evolving program can be
very difficult. To avoid this problem, one might expect programmers to rely upon working
memory in order to establish relationships between objects and classes before committing this
structure to an external representation.

One issue that is important in the context of the display-based analysis proposed in this paper is
how one might begin to devise a scheme for externalising working memory during program
generation. In the realm of object-oriented languages it has been proposed that one way of
facilitating this is to provide a description level similar to that found in bibliographic databases
(Green, Gilmore, Blumenthal, Davies and Winder, 1992). Here, the problem is one of
retrieving a target from a partial description. Typically, bibliographic databases not only
represent attributes of a text itself but also additional key words which can be used for
searching and browsing. In programming terms, descriptors might be based upon persistent
(eg. functional subsystems) or transient (eg. a set of items to be documented) relationships
between code structures; chronological relationships (eg. code developed or tested at a
particular time) etc.

Providing this additional representation of a program may facilitate the recomprehension
process that is central to the analysis presented in the present paper. In particular, the
provision of a description level could make certain relationships salient within a given task
context, thus facilitating display-based recomprehension. Indeed, even such things as simple
colour cues or tags (Lansdale, Simpson and Stroud, 1988) which identify commonalities
between important code structures may facilitate the representation of salient relationships.
Clearly there is significant scope for further research into mechanisms which can support both
the externalisation of working memory and the recomprehension processes that appear to be
central to display-based competence.

The language features described in this section are important in terms of the present analysis,
since the incremental nature of code generation and comprehension/ recomprehension will
clearly be affected by the nature of the language. The present analysis extends existing work by
suggesting ways in which language features and strategy may interact in concert with features
of the task environment to give rise to particular forms of behaviour. It should be noted that
these effects would not be taken into account by display-based views, since the salience of
particular features of the display remains undifferentiated. Hence, one important extension to
the display-based models of problem solving would be the incorporation of a mechanism
which allows one to specify the salience of particular display-based features. Moreover,
existing accounts of display-based problem solving give no consideration to the kinds of
information manipulation that are possible in different display spaces.

The framework presented here also suggests that problem solving success in programming will
in part be determined by the nature of the task environment. Of particular importance will be
the extent to which an environment supports nonlinear generation strategies and the ease with
which changes to existing structures can be effected. These considerations may shed light upon
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the finding that the use of certain forms of programming environment can be frustrating for
experienced programmers. For instance, Neal (1987 a and b) has conducted a number of
studies exploring the efficacy of syntax-directed editors. Such editors provide syntactic
templates for particular structures. Hence, in Pascal, if the programmer inserts a 'begin’
statement, a corresponding ‘end’ statement will be generated automatically. Neal found that
experienced programmers frequently expressed dissatisfaction with such editors. Neal (1987a)
comments that expert programmers "felt that to enter a program they had to do much more,
both conceptually and physically because of the methods allowed for inserting and changing
text ..." (p 100). Neal's findings together with those reported in this paper suggest that
environments intended to support the coding process should provide the flexibility to support
both incremental development and change.

3.4 Summary

While this paper has indicated the importance of display-based performance in programming, it
has also suggested two primary limitations of this general approach. Firstly, existing accounts
of display-based problem solving ignore the apparent relationship between expertise and the
development of strategies for utilising display-based information. Secondly, such accounts fail
to consider the possibility that different forms of display-based information will be
differentially salient in the context of a given task. Further developments of display-based
accounts of problem solving will need to address these issues if they are to provide a coherent

description of human performance in the context of complex tasks.

There are a number of possible extensions to this work which will hopefully provide additional
support for the analysis presented here. One question relates to the extent to which the present
findings might generalise to tasks other than program generation. One way in which these
experiments might be extended is to conceive of a similar method of constraining
comprehension strategies. Here, one might present subjects with a limited access window
through which a program can be inspected, allowing subjects to view a few lines of code at a
time. If the interpretation presented here is correct, then one might once again expect experts to
be affected rather more than novices by this manipulation, since our claim is that experts are
relying to a greater degree upon the information provided by the display. ;

Another implication of a display-based view is that by relying upon a display, the effects of
task interruption should be minimised, since less information is being manipulated in working
memory. Hence, an experimental scenario might developed where programmers of different
skill level are interrupted with or without concurrent maintenance of the display. If experts
have developed strategies which lead to greater reliance upon the display, as suggested here,
then they should be disrupted to a greater extent than novices, and especially in the condition
where the display is not maintained.

Finally, while the view we have presented here may have considerable potential for our
understanding of complex problem solving, it is clear that there is significant scope for
research which might provide evidence for the generalisability of this approach. Theoretical
accounts of display-based problem solving are becoming popular. However, the cogency of
this stance will be dependent upon further articulation of those psychological mechanisms
which govern the relationship between 'knowledge in the head' and 'knowledge in the world'.
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EFFECT OF FATIGUE IN MAN-MACHINE INTERACTION
L. Linde Nat. Defense Res. Establishment, Sweden

ABSTRACT

Tasks involving interaction between a human and a computer system range from
strictly routine to complex tasks, involving problem-solving activity. The
relationship between fatigue - due to stressors such as a long, sustained work
period, inconvenient work hour and lack of sleep - and performance in complex,
interactive computer-aided tasks is discussed. It is argued that level of performance
in such tasks may decline substantially due to fatigue. To predict a performance
decline one has to consider both the type of stressor and the nature of the task. A
framework for studying relationships between stressors and performance under
different forms of informational load is suggested. Principle methods for making
man-machine tasks less vulnerable to fatigue-related action failures are discussed.

1. Introduction

stressors,
e.g. lack
of sleep

increased
system safety
lowered

action - mental

failures efficiency

=

increased
effort

rest

consumption
f a limited
volume of
attentional
resources

m-E e = - "

Z

external supply
of energy e.g.
food, coffee

Fig. 1 Suggested relationship between stress, fatigue
and action failures
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Figure 1 describes a hypothetical relationship between stressors, such as the ones mentioned
above and action failures. It is assumed that a person, with orders to perform a certain task,
tends to increase effort to maintain a constant level of performance when exposed to stress.
Ultimately increased effort might decrease the volume of attentional resources and give rize to
subjective and objective (i.e. impaired performance) fatigue. The bold arrows in the figure
illustrates a possible vicious circle. The figure also suggests three principles ways of breaking
such a vicious circle.

2, Energetical systems and changes in level of performance

The concept of "arousal" has been used to denote a general energetical variable, ranging from
sleep to extreme alertness. Many authors, however, have presented arguments against a
unidimensional view of arousal (e.g. Broadbent, 1971; Kahneman, 1973; Pribram and
McGuiness, 1975; Hamilton, Hockey and Rejman, 1977; Thayer, 1978; Eysenck, 1982;
Sanders, 1983; Tucker and Williamson, 1984). Broadbent argued for a lower and higher order
arousal system and suggested that a decrease in lower order arousal might be counteracted by an
increase in higher order arousal. Lacey (1967) and Kahneman distinguish two attentional states
differing in their autonomic manifestations; a state of acceptance of sensory information and
inhibition of response and a state of active manipulation of information. Pribram and
McGuiness and Sanders propose three system; arousal assumedly related to perception
(encoding of information), activation assumedly controlling perceptual focusing and motoric
behavior and effort assumed to have a superordinate function in relation to the other two.
Pribram and McGuiness suggest that increase in level of arousal precedes increase in level of
activation in classification tasks, but that the systems responds in reverse order in problem-
solving tasks. Tucker and Williamson make a distinction between two systems; arousal and
activation. The former is assumed to control mainly right hemispheric activity, global and
parallell, distributed information processing (perception) and the latter mainly left hemispheric
activity, motoric behavior and serial information processing (“thinking"). Figure 2 gives a
hierarchical representation of mental functions and hypothetical energetical systems regulating
these functions. The energetical systems are based on Broadbent (1971) and Pribram and
McGuiness (1975).

3. Information processing and mental effort

Hasher and Zacks (1979) make a distinction between automatic and effortful information
processing and claim that encoding operations vary in attentional requirements. Some
characteristics of perceptual information, such as spatial and temporal order, are assumed to be
automatic and require a small amount of the (limited) attentional resources. Other mental
operations- effortful- are assumed to require a large amount of the attentional resources.
Effortful processes, according to H & Z, are e.g. encoding of semantic characteristics in
information ( logical content) and rehearsal in STM. H & Z also assumed that effortful

46



processes can develop into automatic by learning. Finally, they assumed that the amount of
attentional resources available for "effortful” information processing can be reduced by several
factors in the individual (e.g. age, depression, stress).

assessement of goals,
self-evaluation

higher order
arousal or effort

monitoring and
coordination of
complex behavior

lower order arousal activation
. . immediate
retrieval fromLTM | mental computations recall (STM)
detection of motoric
stim. info reaction

FIG. 2: A hierarchical representation of mental functions
and a hypothetical energetical control system
(cf. Broadbent, 1971; Pribram and McGuiness, 1975)

Table 1: Different types of informational load.

. temporal i ich informatio : Information may be
presented at a speed, which exceeds the speed at which the operator is able to process it.
Example: listening to a foreign language, spoken at a high speed or air-fighting.

habituation.
Example: Watching a radar screen in order to detect certain objects.

ia ity of information ent imulta | iv nti
Example: Watching a digital image , e.g. from a sattelite, in order to search for certain
patterns.

h_of information processin utomatic v rtful information
_processing):
Example: Reading textual information in a manual or helpfile or constructing a
complex query in a formal query language.

Working memory load:

Example: The number of alternatives and relevant attributes that have to be kept
in memory during a decision-making task.
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4. Informational load

One way of characterizing man-machine pertains to characteristics of the informational influx
and to how the information must be processed by an operator (cf Moray, 1982). Table 1
suggests five types of informational overload. 1. Information is presented at a too high speed.
2. The period during which sustained attention is required is too long. 3. The information is
too detailed and rich. 4. The semantic content of the information is too complex. 5. Too much

information has be kept in memory.
Cognitive performance and stress; experimental results
5.1 Time of the day

Body temperature (assumedly correlated with general "arousal”) tend to be lowest between 2
and 6 in the morning and rize during the day in persons adjusted to a normal sleep/activity
schedule, i.e. sleeping at night and working in the day (Colquhoun, 1971). However, to a
certain extent an adjustment to a reversed sleep/activity schedule occurs after repeated night
work (during 10 to 14 days) (Colquhoun, op.cit). There seems to be a parallell variation of
level of performance in vigilance tasks, such as signal detection (e.g. Blake, 1967) and in
speed of retrieval from semantic memory (Tilley and Warren, 1984; Tilley, Horne and
Allison, 1985). STM, on the other tends to correlate negatively with time of day and diumnal
body temperature (Blake, op.cit; Froberg, 1979; Folkard, Knauth, Monk and Rutenfranz,
1976). Folkard (1975) found that speed of performance on the logical reasoning task devised
by Baddeley (1968) increased from 8 a.m. to 2 p.m., but that accuracy declined during the
same period.

5.2 Lack of sleep

A number of studies indicate a decline in vigilance due to loss of sleep for one night, or more
(see e.g. Johnson, 1969). Performance in several cognitive tasks has also been found to be
affected by sleep loss for one night or more, for example;_decreased selectivity of attention
(Hockey, 1973) lowered speed of retrieval of semantic knowledge (Tilley, Horne and Allison,
1985), increased number of errors in inductive inferences (Linde and Bergstrém, 1992).

5.3 Sustained period of work (task fatigue)

A classic study of task fatigue - "Cambridge cockpit studies" - among others thing
demonstrated a narrowing of attention (i.e the stimulus field tended to "split up in parts") after
a certain period of uninterrupted time on the task. For example, Angus and Heslegrave (1985)
have studied level of performance in cognitive tasks during very long sustained work. After 24
h of continuous work and lack of sleep level of performance was 70 % of the baseline level
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of performance. Table 2 summarizes some experimental results pertaining to effects of fatigue
in the performance of mental tasks.

Table 2: Some observations on effects of fatigue in different types
of mental tasks.

Type of stressor and observed effects

Lack of sleep

*Decreased vigilance (signal detection, and reaction time)
*Slower retrieval from LTM

*Decrease in speed of performance in syntactical reasoning
‘Loss of selectivity of visual attention

*Impaired inductive reasoning (progressive matrices task)

Time of day

*Decreased vigilance during the night

*Slower retrieval from LTM during the night

*High STM capacity during the night

*High accuracy/low speed on a syntactical reasoning task
in the morning

*Low accuracy/high speed on a syntactical reasoning
task in the afternoon ‘

Task fatigue
*Sustained period of work on the same task narrows the attentional field

(it tends to "split up in parts”)

6. Characterization of man-machine interaction tasks

Figure 3 suggests four aspects, in terms of which man-machine interaction tasks may be
described. One aspect is related to the user’s level of skill on the task. Another aspect is the
form of cognitive activity involved in the performance of the task. A third aspect pertains to
the type of efficiency being required in the task. A fourth aspect has to do with the locus of
control of the interaction (e.g. Moray, 1982). For example, the locus of control in typing, and
code construction is operator-paced but in a supervision task the locus of control can be
machine-paced. Tasks located on the right end of the aspects are assumed to require more effort
than those located on the left end. Level of skill and type of information processing are two
factors, which according to Hasher and Zacks (1979) affect amount 6f attentional resources
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required in a task. The possibility to make voluntary short pauses while performing a task can
also be assumed to affect amount of attentional resources required. There may be less
opportunity for brief pauses in a machine-paced task than in an operator-paced and the
opportunity to make pauses decreases with increased time-pressure. In Figure 4 the aspect
"nature of cognitive activity” has been given a two-dimensional representation. The
dimensions constitute hypothetical attentional states (cf. Lacey, 1967; Kahneman, 1973).
Attentive acceptance of information is associated with e.g. decreased heart rate and pupil
dilatation, whereas attentive manipulation of information is associated with an increased heart
rate (Lacey, op.cit). For example, construction of command or program code (e.g. in formal
query construction) is assumed to involve primarily serial manipulation, that is active
manipulation, of symbolic information. Attentive acceptance of information is not of equal
importance. On the other hand, during error search both attentive acceptance (AA) and active
manipulation (AM) may be required; AA for perceptual search and AM for hypthesis testing.

ASPECT CATEGORIES
. high low
level of skill } +
(familiarity)
routine ocode error

supervision €.g.typing constr.  search
type of mental $ 4 }

activity
speed and
accuracy speed accuracy
type of efficiency ! ¢ +
being required
operator :
l machine
paced

locus of control }

——

FIG.3 Aspects and examples of categories of HCI tasks.
Categories on the right of the aspects are believed
to be more effortful than those on the left.
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FIG. 4 Type of mental activities (attentional states)
assumed to be involved in different HCI tasks.

7. Fatigue and action failures during man-machine interaction: suggested

framework

Figure 3 suggested a general way of categorizing man-machine tasks. Figure 4 described one of
the aspects (form of cognitive activity) in more detail; in terms of two hypothetically different
attentional states. A specific type of task (e.g. supervision or error search) may also be
characterized in terms of informational load, which the operator is subjected to. Table 1, on
the one hand, and Figure 3 and 4, on the other, represent to perspectives on man-machine
tasks. One perspective is oriented at the informational processing demands facing the operator
and the other is oriented at the task (its object, how familiar it is to the operator) and at the
characteristics of the interaction between the man and machine.

Table 3 gives a framework for studying the effect of different types of stressors under different
forms of informational overload. Three types of stressors are considered; insufficient sleep,
night work (by persons not adjusted to it) and extended period of work. For example, it is
suggested that the combination of night work and high speed of informational influx might
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increase the likelihood of action failures, but not the combination of night work and high
semantic/logical complexity of information. Question-marks indicate that no experimental
work pertaining to the factors in question has been found. Two comments should be about
Table 3. 1. The diurnal variation in body temperature and test performance (e.g. in vigilance
tasks) changes after a certain period of a reversed sleep/activity schedule (e.g. Colquhoun,
1971). The adjustment seems to take between 10 to 14 days. 2. There may be interactions
between different external factors -such as between sleep loss and time of day- in the respect of
their effects in level of performance. E.g. Babkoff, Mikulincer, Caspy a){d Kempinski (1988)
studied performance in a search task, varying in memory load, during a 72 hour vigil. Level of
performance was lowest between 2 and 6 a.m. and the diurnal variation in performance was
amplified by loss of sleep. Fréberg (1979) found a negative correlation between body
temperature and STM in a 24 hour cycle. However, after 2 nights without sleep there was a
positive correlation between body temperature and STM. Table 3 should regarded as a
framework for research and not as practical guidelines.

Table 3: A framework and hypotheses for studying different
types of stressors and performance under different forms
of informational load.

lack of sleep night work long period of work

overload
due to
high speed

high vulnerability | high vulnerability

overload
due to
extended
time on
task

high vulnerability | high vulnerability high vulnerability

overload due : s 2 ;
{0 high high vulnerability 3 high vulnerability
spatial
density

overload due
to sem. and
logic comp- | high vulnerability
lexity of
informa-
tion

low vulnerability ?

high load
on working
memory

high vulnerability | low vulnerability
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8. Can action failures be avoided?

Table 4: Some general guidelines for choosing methods to
avoid action failures in man-machine systems.

High temporal density
E.g. training of operators on the task and selection of
high performing individuals

Long observation period

E.g change of work schedules

High spatial _density (richnes
system design e.g.,

*structuring of information
*filtering of information v
*enhancement of relevant objects

Effortful information processing

system design e.g.,

*allow the operator to search for a complex, logical set of objects
in a step-by-step fashion and check the result of each step

High working_memory load
system design e.g.,
*decision aids

Measures against fatigue-related action failures in a man-machine system can be taken at an
organizational level, i.e. changes of work schedules, or at an individual level. E.g. operators
may be given training on emergency situations or education in methods to counteract fatigue.
One may also change system design. Depending on what type of informational load is most
critical some type of measures may be more appropriate than others. Table 4 suggests
appropriate measures for different types of informational load. For example, when there isa
very high speed of informational influx, the most important way to avoid action failures may
be selection of high-performing individuals and to give operators (e.g. air fighters) extensive
training. On the other hand, when there is an extremely rich and detailed display of visual
‘information (e.g. in a control panel) changes in system design may be applicable. For
example, information search may facilitated by a change in the layout of objects, processes and
states. The operator can also be allowed to demand filtered information (e.g. show textfiles but
no other information) or enhancement of certain information (e.g. by colouring). For example
in formal query writing information can have a high semantic-logical complexity. In some
situations it may be easier to construct a complex query in a step-by-step way, even though
such a method might be more time-consuming than writing one complex expression. That is,
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in a step-by-step way of query construction the operator can check results of one logical
operator at a time and thereby unload working memory. Sometimes the situation requires an
excessive amount of information to be held in memory by the operator. For example, the
number of alternatives and relevant attributes of the alternatives in a choice situation may be
large. In such situations decision aids may be useful.

In conclusion, when designing man-machine systems the following should be considered.

1.What type of stressor(s) are critical?

2.What are the most typical effects of those stressors?

3.What type of informational load is most critical?

4.Describe the task in terms of object, type of cognitive activity etc.

5.1Is a change in system design the best way to counteract action failures?
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Effects on Controllers' Behaviour

F. Vanderhaegen, I. Crevits, S. Debernard, P. Millot

Laboratoire d'Automatique Industrielle et Humaine, URA CNRS 1118
Université de Valenciennes et du Hainaut-Cambrésis
B.P. 311 - Le Mont Houy - 59304 VALENCIENNES Cedex - FRANCE

ABSTRACT

A lot of investigations about Air Traffic Control are appearing in order to try to create
optimal assistance tools for controllers whose workload becomes more and more heavy. In
such a way, the purpose of our research is to propose and validate a new organization of the
air traffic control, which allows air traffic controllers to stay active in the control and
supervisory loop of the process, in order to maintain the current traffic safety level and to
improve the global system performances. Our research is directed towards an horizontal
cooperation that consists in a dynamic allocation of control tasks between human air traffic
controllers and an assistance tool. In such a way, an experimental platform, called
SPECTRA (french acronym for : Experimental System to Allocate the Air Traffic Control
Tasks) has been built.

In a first step, this research has aimed at validating SPECTRA using qualified controllers
- who are air traffic control experts. According to the first conclusions SPECTRA was a
’ really good assistance tool for loaded traffic context. In a second step, SPECTRA has been
tested by another class of controllers who are less trained : air traffic control engineers who
had foliowed a dedicated training during three months at least. This paper recalls the
SPECTRA description with the dynamic tasks allocation principles integration and the
experimental protocol and for each class of controllers, it details all the results about
experiments and shows the effects of such an assistance on controllers' behaviours.

1. Introduction.

In the Air traffic control context, a lot of investigations are made in order to realize efficient assistance
tools for the controllers who have an irregular and heavy workload. But the best software adaptation
would be individual integrating all the particular features of the human operator and the tasks (Gillet,
1990). Indeed, some individual variables lead to different attitudes and performance levels in man-machine
interaction situations.The introduction of automation in a complex domain like air traffic control, can
lead to some difficulties, particularly about trust (Hopkin, 1991).

According to these remarks, the purpose of our research is Lo propose and validate a new organisation of
the air traffic control which allows air traffic controllers to stay active in the supervisory loop of the
process, in order to maintain the current safety level and to improve the global system performances
(Debbache and colleagues, 1987). Because of the complexity of this air traffic control context, our
approach first focused on the tactical level managed by the "radar controller”. He supervises the traffic
(respect of separations between planes) and dialogues with the aircralt pilots (information about traffic and
modification of flight parameters). The new organization we propose is based on an horizontal
cooperation (Millot and Kamoun, 1988; Kamoun and colleagues, 1988) which consists in a dynamic
allocation of control tasks between the air traffic controller and an expert system for air traffic control
regulation called SAINTEX. It can resolve conflicts between two planes in rather simple conditions
(Morchelles and colleagues, 1989). For testing the dynamic task allocation in air traffic control context, a
simplified but realistic experimental platform, called SPECTRA has been built (Debernard and
colleagues, 1990).

In order to validate SPECTRA and to study the effects of such an aid on controllers’ behaviour,
experiments were realized with air traffic controllers who had different ability levels. In fact, these
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experiments have been performed by two classes of operators who had opposite competence level. The
first class was composed of nine qualified air traffic controllers who are air traffic control experts with the
highest competence. The second one was composed of six air traffic control engineers who hadfollowed a
dedicated training in real control room during three months at least, but who were not high specialist at
all. In a first way, experiments concerning only the nine qualified controllers were already analysed
(Vanderhaegen and colleagues, 1991; Debernard and colleagues, 1992). They have shown that, for highly

" qualified controllers, a dynamic tasks allocation gives a real help for loaded air traffic control. The aim of
the study described in this present paper is to show that SPECTRA remains a good assistance tool for
controllers whatever their competence or qualification level.

This paper first recalls the experimental protocol with the SPECTRA description including the dynamic
tasks allocation principles and the workload and performance assessments, the experimental context and
the experimental data. The three other parts concern the results and focus on subjective and general
controllers' remarks, on controllers' workload and on controllers' performance for qualified controllers as
well as ATC engineers.

These studies are realised in cooperation with the C.E.N.A (French Research Centre of Air-Traffic
Control). '

2. Experimental protocol.
2.1. Dynamic tasks allocation principles on SPECTRA.

The dynamic task allocation principle (Millot, 1988) consists in inserting a task allocator in the
supervisory loop which shares control tasks between the air traffic controller and the expert system
SAINTEX. This aims at both regulating the human workload, and improving the performance and the
reliability of the air traffic controller-SAINTEX team. According to this principle, two types of dynamic
allocation managements exist and are integrated in SPECTRA structure, figure 1.

Task Task
Demands P | Allocator
Estimator Control
ADAT Implicit
=
S
Explicit
Radar View
(Aircrafts evolution display)
+ Information
Electonic Stripping Interface ¢
(orders sending,
strips management,
radar view updating, a4
tasks allocation in explicit mode)| || COMmands | Commands
Allocator
Commands
SAINTEX
(conflict detection,
conflict classification, 4
decision processing, Information
command sender, J
conflict supervision) Sharcable Tasks

Figure 1. Explicit and implicit modes integrated in SPECTRA
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The former concerns an "explicit" task allocation performed by the radar controller himself through a
dialogue interface. The human air traffic controller manages the task allocator. He is his own estimator of
performance and workload, and he allocates tasks cither 1o himself or to SAINTEX. The conflicts
SAINTEX can solve are indicated with a specific color on the operator dialogue screen and on the radar
view. The deadline before which the conflict becomes unsolvable by SAINTEX and the deviation order
calculated are displayed on the strips of the concerned plancs. Initially, all planes are allocated to the
controller. If he feels himself overloaded, he can select a conflict and transfer it to SAINTEX. As he is the
system manager, he can take a conflict back. But at that time, if the order deadline given by SAINTEX is
over, this conflict can not be solved by SAINTEX anymore .

The latter is an "implicit" task allocation controlled by an automatic management system implemented
on the calculator. This allocation depends on the intrinsic capabilities of the two decision-makers. For
SAINTEX, those abilities are functional ones : it can solve the conflits between two planes which are not
evolutive in flight level; these conflicts are the shareable tasks. For the human radar controller, these
abilities are linked with his workload. Currently, only the tasks demands are assessed. So, when these
demands are too high and exceed a maximum level, the sharcable tasks are allocated to SAINTEX. In that
case, the conflict with the nearest order deadline is chosen and transfered to SAINTEX. In the contrary
case, the conflict is affected to the human controller. The maximum tasks demands level were determined
thanks to the cooperation of qualified air traffic controllers.

2.2. Workload and performance assessment.

It is difficult to assess the controllers' workload on line because of the complexity and the specificity of
the air traffic control activity (Hopkin, 1991; Jorna, 1991). Even though formulas about objective
measures of job difficulty already exist (Hurst and Rose, 1978), they are 100 much complicated and not
really validated. Therefore, instead of introducing a workload estimator on SPECTRA, we have chosen a
task demand estimator. This task demand estimator adds all the tasks demands the air traffic controllers are
submitted to. These demands are only functional and take into account the difficulties encountered when
assuming a plane, detecting a conflict, correcting and supervising a conflict and rcplacing a plane on its
initial trajectory. So, it consists in affecting a weight to the demand of each event appearing during the
experiments. In order to validate this assessment, a module was added on SPECTRA. It concerns the on
line subjective evaluation of controller's workload. The air traffic controller estimates his own workload,
clicking with a mouse on a small scale, graduated from 1 (lower load) to 10 (higher load). This board
appears every five minutes without disturbing the air traffic control because the operator answers when he
wants to do.

Another difficulty was the global performance assessment on line i.c. the performance obtained by the
decision-makers team. However, in order to compare the experiments, an a posteriori global performance
criterion was defined. This performance is composed of two factors that cannot be aggregated. The former
is the traffic security, and the latter is the traffic flow optimization. Therefore, two criteria have been
defined. The insecurity criterion is the ratio between the number of alarms and the number of conflicts
appeared during the scenario. An alarm is activated when planes transgress separation norms. The traffic
flow optimization criterion for the controller-SAINTEX tcam is based on an economic criterion which is
the ratio between the real consumption of kerosene of each aircralt and the theoretical one. The theoretical
consumption corresponds to the direct way between the input and output beacons. The real consumption
corresponds to the way really taken according to changes in cape and level. The best global performance is
obtained when the real consumption is equal to the theoritical one and when there is no alarm at all. This
global performance is calculated a posteriori in order o compare the experiments.

2.3. Experimental context.

The scenarios used for these experiments have been created in order o overload the air traffic controller, in
such a way that a dynamic allocation be useful. Thercfore, they involve a great number of planes
(between 40 and 50 per hour) that are generating a lot of conflicts (more than 20) of different natures, into
a large geographical sector (Vanderhaegen and collcagues, 1991). Because of the capabilities of
SAINTEX, the air traffic control context concerns the night control. The modelling of this situation is
easier because the planes cross the sector in straight lincs between two beacons : a sector input point and
a sector output one.

One training scenario permits to controllers to get used to SPECTRA interface in explicit mode, during
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two hours. Other scenarios have been created for three kinds of experiments. In the first type, the
controller is not aided. In the second kind, he is supported by SAINTEX in an explicit dynamic allocation
mode. In the last one, he is assisted in an implicit allocation mode.

These experiments have been performed by nine qualified air traffic controllers and six ATC engineers.
The qualified controllers are air traffic control experts with the highest competence. Although the
engineers are not high specialist at all because they have followed a dedicated training in real control
context during three months at least.

2.4. Experimental data
Three kinds of parameters have been measured and recorded during each experiment :

- The first class concems all the data needed to calculate a posteriori the global performance criteria.
- The second class is the task demands measured on line.
- The last one concerns the on line subjective evaluation of controller's workload.

Moreover, in the final step of each experiment, two questionnaires have been submitted to the controller.
The first questionnaire is the Task Load indeX method (NASA-TLX). TLX is a subjective method
developed by NASA that permits to calculate the global workload. This global workload estimator is
based on six semantic descriptors : mental demand, physical demand, temporal demand, performance,
effort and frustration. The second questionnaire is a series of questions that allowed us an oriented
discussion with the controller after the experiment. These questions concern :

- General information about the scenario (for example, about radar interface and strip interface,
about strategies used...).

- Specific information about the workload, the estimated performance and the alarms.

- Specific information about the explicit mode (questions asked after the experiment in explicit
mode), implicit mode (questions asked after thc experiment in implicit mode) and their
comparison (questions asked after all the experiments).

In order to simplify the results analysis, in the following parts, the Air Traffic Control Engineers
Experiments are quoted with the index "EE" and the Qualificd Controllers Experiments are quoted with

"QC".

3. Discussion using general results and Subjective evaluation.

3.1. Global results about SPECTRA.

For 56% of EE and 63% of QC, the number of planes is not too high, but for 22% of EE against 74%
of QC, the air traffic is not structured. For 78% and 89% of EE the radar and strips interfaces are correct.
On the other hand, the qualified controllers satisfaction is not so good (respectively 33% and 59% of QC).
Qualified controllers estimate that the radar view should be enhanced because :

- the sector they have to supervise is too large,
- the traffic is not structured enough,
- and they cannot have sufficient marks.

The stripping interface is correct although the high number of planes involves heavy strips management.

Moreover, SPECTRA does not change usual controllers strategics because, like in a real control room,
the stripping interface is used for conflicts detection (50% of EE and 74% of QC) and the radar view for
conflicts solving (67% of EE and 96% of QC) and for conflicts supervision (67% of EE and 100% of
QC). As in a loaded daily control, controllers immediatcly solve the conflicts for preventing an overloaded
situation (44% of EE and 85% of QC).

3.2. Results about explicit mode.

After experiments in explicit mode, controllers estimate unanimously that this kind of allocation give a
real assistance. They think it reduces workload (83% of EE and 100% of QC). Explicit mode did not
cause any problem for the air traffic control (67% of EE and 89% of QC).
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Nevertheless, even though this mode is a good assistance tool, an homogencous policy about the use of
SAINTEX by the controllers can hardly be found :

- Two qualified controllers and one enginecr allocate conflicts to SAINTEX when they are
overloaded and when they have too much conflicts.

- Two qualified controllers and one engineer usc only their workload as allocation criterion.

- One qualified controller and one engineer use the number of conflicts as allocation criterion.

- One qualified controller and one engineer allocatcs conflicts to SAINTEX if the delay to send
orders to planes is short. In the opposite case, they improve the SAINTEX's solution.

- One qualified controller allocates automatically onc conflict upon two.

- One qualified controller uses the system as an horizontal cooperation tool : he uses SAINTEX as
a conflict detector, and then refines its solutions.

- One qualified controller gives conflicts to SAINTEX if its solution is satisfactying.

- One engineer allocates a conflict to SAINTEX according to the conflict complexity.

- One engineer allocates automatically all solvable conflicts to SAINTEX.

Qualified controller take care of SAINTEX conflicts as much as their own ones (22% of QC) or if they
have time enough (33% of QC). On the other hand, cngincers do not really (50% of EE) or not at all
(33% of EE) take care of SAINTEX conflicts. Morcover, they never take a conflict previously allocated to
SAINTEX contrarlly to qualified controllers. Without assistance, the engineers were really overloaded.
With the explicit mode integration, they have no time cnough to supervise seriously the SAINTEX
conflicts because they want to regulate at best their own workload and to control the air traffic very well.
On the other hand, the qualified controllers check SAINTEX solutions and do not allocate the conflicts if
they think that those solutions are not good. Valot (1988) named this behaviour as the active trust
behaviour that is more obvious in the implicit mode.

3.3. Results about implicit mode.

Indeed, the qualified controllers supervise SAINTEX conllicts as much as their own (33% of QC) or if
they have time (33% of QC) although they can not takc them back. In fact, implicit mode imposes them
a supervision workload because they are not overloaded at all, because they feel responsible for the whole
air traffic control and because they are usually not satisficd by SAINTEX solutions. On the other hand,
engineers do not supervise them at all (67% of EE). With this kind of allocation, they do not take care of
them because they do not really have time to and because they do not want to take the risk of forgetting
conflicts the system allocates to them.

Nevertheless, the implicit mode reduces controllers workload (83% of EE and 78% of QC) and provides a
real assistance (83% of EE and 78% of QC). It docs not provide any problem for the air traffic control
(67% of EE and 89% of QC).

3.4. Comparison between explicit and implicit modes.

Qualified controllers prefer the explicit mode (44% of QC) whercas the engineers prefer the implicit mode
(67% of EE). For the qualified ones, the supervision of SAINTEX conflicts is loader and more bothering
in implicit mode than the shareable tasks allocation management and the supervision task in explicit
mode. Nevertheless, controllers think that the implicit mode is the most efficient one (50% of EE and
78% of QC).

Engineers have no opinion about the choice of one mode to be integrated in a real control room because
they are not used to controlling the air traffic. For qualificd controllers, it is difficult to class answers.
Some of them would prefer the implicit mode but they do not trust SAINTEX or any other future
decisional stage. They ask for the possibility to take conflicts back, but they admit they have more time
to solve their own conflicts. Other controllers would prefer explicit mode because they feel more
responsible of the whole air traffic control. Nevertheless, they think that this mode is more dangerous
because the human controller is the only responsible for the traffic, and the SPECTRA organization is
not tolerant to human errors. For instance, when a controller forgets to allocate shareable tasks, a conflict
may remain unsolved. But, we can also notice that this problem alrcady cxits in the current real air traffic
control context. ‘

Despite the different feelings about the use of the assistance ool in explicit or implicit mode, controllers
think that the dynamic task allocation principle lcads to decrease their own workload. We are going in the
two following parts to try to confirm those subjective remarks and to explain with more details the
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different controllers' behaviour.

4. Discussion on the results about workload.
4.1. Questionnaire about workload.

During the experiments, controllers had to evaluate their own workload on a graduated scale. They give
higher priority to the air traffic management tasks than to the assessment scale answer (50% of EE and
78% of QC). Controllers generally carry out their current task and then evaluate their workload before
begining the next task treatment. Nevertheless, they are satisfied with their own evaluation (50% of EE
and 78% of QC). So, we can use these data as a workload index.

Moreover, the main factors that increase their workload aré :

- number of planes (72% of EE and 85% of QC),
- number of conflicts (50% of EE and 70% of QC),
- strips management (33% of EE and 48% of QC).

4.2. TLX method.

The global workload has been calculated by the TLX method, for each controller and for each experiment.
The figure 2 presents the global workload for each experiment.

All the controllers, except controller number 1, have estimated that the experiment without assistance
was more difficult and more overloading than the others. For seven controllers (2,3,4,5,13, 14 and 15),
their workload with the implicit mode was less important than with the explicit mode. For the others (6,
7,8,9, 10, 11 and 12), the explicit mode generates the less important workload.

Therefore, a dynamic task allocation mode (either implicit or explicit) seems to improve the air traffic
control task and to reduce the global workload. The TLX method does not show clearly that engineers
were overloaded without assistance tool. But it proves that all the controllers have similar feelings
concerning their global subjective workload for experiments in implicit or explicit modes.
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Figure 2. Global subjective workload with TLX method.

4.3. Task demands.

In order to compare the three experiments for each controller, the measured task's demands and the
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subjective workload were gathered. Only one example is given on figure 3. We may use subjective
workload because controllers think they they answered correctly. Globally, the values obtained with the
experiments without assistance are greater than those obtained with assistance.

It is sure that each controller has his own mental representation of the graduated scale on which he has to
estimate his own workload. Nevertheless, in general case, the greater the task's demands, the greater the

- subjective workloads and the lower the task's demands, the lower the subjective workloads. So, despite
the basic difference between these measures, the correlation coefficient between the two variables have
been calculated for each experiment. For 55% of EE and 63% of QC, it is greater than 0,8. For 17% of
EE and 23% of QC, it is between 0,6 and 0,8. For 18% of EE and 11% of QC, it is between 0,4 and 0,6.
Therefore, our tasks demands measure reflects fairly well the controllers' workload for both engineers and
qualified controllers. ;
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Figure 3. Comparison between measured tasks demands and subjective workload.

So, we will use this assessment for the comparison between the experiments and for the discussion that
follows according to the performance criteria, the cooperation level and the tasks demands.

5. Discussion using results about performance.

5.1. Questionnaire about performanée.

Performance rather satisfy for controllers (50% of EE and 70% of QO).

About insecurity criterion a lot of alarms (83% of EE and 78% of QC) appeared during experiments
because the scenarios involved a lot of planes and the controller managed the traffic alone. Half of the
alarms were due to a bad conflict solving because controllcrs had not sufficient marks on the radar view.

5.2. Economic criterion and insecurity criterion.

Figure 4 shows both the insecurity criterion and economic criterion relating to the performance. Here
again, we can see that the global performance of a context without aid is not as good as global
performance of a context with a dynamic task's allocation, particularly for the engineers. Moreover, we
can notice that the nine experiments which have provoked no alarm at all, were performed with :

- implicit mode for one engineer and six qualified controllers,
- - explicit mode for two engineers.

Therefore, the implicit mode is the most efficient one with regard to the insecurity criterion that is the
most important one. Nevertheless, the results are homogeneous in both explicit and implicit modes for
both engineers and qualified controllers. Indeed, in general case, those assistance tools permit to improve

the security levels and to maintain the economic levels similar 10 those obtained without aid.
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Figure 4. Global performance : economic and insecurity criteria.
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5.3. Cooperation level effects.

We wanted to know if the homogeneous results concernig the global performance correspond to an
homogeneous SAINTEX use. In such a way, the figure 5 presents the performance criteria according to
the cooperation level that is the ratio between the number of conflicts allocated to SAINTEX and the
number of conflicts appeared during the scenario. Therefore, high cooperation level corresponds to a high
number of conflicts allocated to SAINTEX.

Firstly, the cooperation level in air traffic control does not penalize at all the economic level based on
planes consumption. The SAINTEX performance is then as good as the controllers' ones. Secondly, an
explicit or implicit cooperation integration permits to obtain a better security level in a loaded context.
But the tasks allocation is really different for each controller. For the same cooperation level, controllers
have obtained different security level or economic level.

In explicit mode, each controller has to allocate shareable tasks like he wants to. He has his own
allocation policy. Nevertheless, global results of insccurity level are the best ones for engineers.
Globally, those controllers allocate to SAINTEX more than 49% of conflicts although the qualified
controllers give SAINTEX only 30% of them. This justifies the subjective remaks. Indeed, because of
their active trust behaviour, qualified controllers are less satisfied by SAINTEX solving solutions. So
they did not give it a lot of conflicts. On the other hand, engineers abilities for managing a lot of
conflicts at the same time are more limited than qualified controllers' ones. So they used SAINTEX a lot
in order to optimize the air traffic control. That is why two enginecrs whose cooperation level are 50%
and 80% did not generated any alarm at all for two experiments in explicit mode.

In implicit mode, controllers' abilities are established automatically according to the tasks demands
estimation. This evaluation is the same for both engineers and qualified controllers because it depends on
a same maximum overload threshold. Therefore, in gencral case, more than 40% of conflicts were
allocated to SAINTEX. The allocation policy permits to generate no alarm for six experiments with
qualified controllers. It forced them to take in charge fewer conflicts and allowed those controllers to solve
them more cleverly. On the other hand, the implicit mode were less efficient for the second class of
controllers because of their abilities.
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Figure 5. Global performance criteria and cooperation level.

Despite of different cooperation levels for both the implicit and explicit modes and for both the engineers
and qualified controllers, the global performance results arc coherent. But, what about the tasks demands ?
The last part of our discussion concerns the average tasks decmands study.

5.4. Tasks demands and global performance.

Figure 6 shows the tasks demands influence according to both economic and insecurity criteria. Two
interesting areas can be defined : one for experiments rcalized without any assistance and one for the
others. On the former, the more tasks demands increase, the worst the security level. During this kind of
experiments, controllers, and particularly the enginecrs, arc the most loaded. On the latter, for both
explicit and implicit mode, the points distribution is similar to the figure 4.

In explicit mode, one engineer and two qualified controllers had task's demands more important than the
others controllers because they allocated a little number of conflicts to SAINTEX (respectively 15%, 25%
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and 5% of conflicts). Even though, engineers were overloaded without aid, their results are similar to
qualified controllers' ones when an assistance tool is integrated in the air traffic control system. For each
controller, according to global performance, average task's demands in explicit mode are similar to those
obtained in implicit mode. In the explicit mode, according to his ability level, each controller uses the
SAINTEX abilities differently in order to maintain an acceptable average task's demand. In the implicit
mode, according to the controller's behaviour, the system allocates shareable tasks differently, despite the
same maximum overload threshold, maintaining an acceptable task's demand in comparism with the
explicit mode results.
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Figure 6. Global performance and task’s demands.

6. Conclusion.

This paper has recalled the experimental protocol realized in order to test the dynamic task allocation
principles in air traffic control using the experimental platform SPECTRA. And then, it has given an
analyse of the different results obtained during experiments performed with air traffic control engineers and
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qualified controllers, according to general and subjective remarks and according to workload and global
performance.

The experimental results show the interest of such an assistance tool for loaded traffic control. Without
any aid, the engineers were really overloaded and the traffic management was difficult. Nevertheless, they
controlled fairly well the air traffic with the explicit or implicit mode. For both engineers and qualified
controllers, the explicit and implicit modes permit 1o obtain a betier security level and to provide
homogeneous results concerning average task's demands, global performance and controllers' feelings.
Controllers think that dynamic task's allocation is really uscful for a loaded traffic context and that the
implicit mode is the most efficient one. According to their different abilities and competences, they
obtain homogeneous results using differently the system abilitics in order to optimize at best the traffic
control.

All the experiments have been made with the same difficulty level. Qualified controllers generated less
alarms and they have obtained an optimal performance with implicit mode because they had more time to
supervise the entire traffic and to refine their conflicts solving. Nevertheless, they prefer explicit mode,
even though it generates a shareable tasks allocation extra load, because it appears less frustrating than
implicit mode and it lets them remain the only responsiblc of the cntire air traffic control. That is why
they have an active trust behaviour for both the implicit and cxplicit allocation mode.

It is the contrary case for the air traffic control engincers. In explicit mode, their global performance is
better because they allocate a lot of conflicts to SAINTEX. On the other hand, they prefer implicit mode
because they don't have to manage the task allocation and because they don't supervise at all SAINTEX
conflicts. We cannot really speak about trust in that case because those controllers were rather loaded in
explicit mode as well as in implicit mode. In fact, they had a high traffic supervision task because they
did not want to take the risk of forgetting conflicts.

Finally, this first experimental protocol on SPECTRA provide really convincing reesults. They show
that controllers had to play both the tactical and strategic levels i.e. the radar and organic controllers
activities. This remark introduces our future research for SPECTRA that has to include both radar and
ofganic controllers (Debernard and colleagues, 1992) and to proposc a new and more realistic experimental
protocol. The organic controller has a strategical function in air-traffic control. He not only insures the
coordination between the adjoining sectors but he also regulatcs the radar controller’s workload. So, this
new study concerns an anticipation and regulation module integration that has to optimize the tasks
allocator policy and to regulate the radar controller's workload. This module has to be defined and tested
(Vanderhaegen and colleagues, 1992). This new study announces another complex rescarch domain : the
collective work.
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Abstract

This paper reports on a study of a number of working processes in space
science activities for the European Space Agency (ESA). Methods and
developments from the area of Computer Supported Cooperative Work
(CSCW) are mapped to user needs for science information systems. The
underlying thesis to understand user requirements for CSCW systems are
first, that cooperative networks in space science work should be analyzed
according to the type of cooperation: coordination, collaboration and co-
decision are the basic patterns which can be identified. Secondly,
dynamics of cooperative groups should be analyzed to understand the
evolution of the cooperative networks: cooperation in the small vs.
cooperation in the large are the proposed models. Thirdly, design spaces
for CSCW systems can be identified in information sharing and in activity
synchronization. The main technique for coordinating the work of a group
is to provide facilities for synchronizing the various activities
performed by the group, whereas the main technique for promoting
collaboration and co-decision between group members is to provide
information-sharing facilities.

The results of the analysis for a sample of work processes indicate a high
degree of collaboration and co-decision, which reveals the need for
information sharing. Coordination is more limited, but significant
especially in work processes related to space mission experiments and
project management. Dynamics of the cooperative groups reveals the
prevalence of cooperation in the small which implies a need for specific
and limited workgroup domains rather than generic and undefined
communication or information needs. The results indicate a need for the
development of a domain specific communication support beside already
well-supported open communication in ESA's science information
systems. _

71



1. Introduction

The European Space Agency (ESA) and European space research institutes can be
characterized as a networked organization with highly qualified scientists working in
different locations all over Europe and with tight collaboration with scientists in other
continents. This community of international space scientists represents a user group of
computer networks which need a wide spectrum of services and supports for their work.
One of these fundamental needs is addressed by systems managing space data which have to
be consulted and interpreted by specialists and interdisciplinary research teams. The
European Space Agency has also revealed a real need among scientists to communicate
more efficiently with each other across Europe and with other colleagues in other
continents making use of data and communication networks. The Information System
Division (ISD) of the European Space Agency at the European Space Research Institute
(ESRIN) is currently working on two main science information systems for the space
science community: the 'Columbus Utilization Information System' (CUIS) (Alvisi &
Douzal, 1989) and the 'European Space Information System' (ESIS) (Ciarlo et al.,
1992). User requirements are met by applying information technologies and by taking
into consideration new opportunities from innovative research and development areas. In
this context of space research, user needs and demands for new science information
systems, one can find solutions and design guidelines for specific application areas as well
as for entierly new information systems from the area of Computer Supported
Cooperative Work (CSCW).

The National Science Foundation in the USA is addressing a similar problem like ESA: the
development of a national collaboratory as a general system to support the scientific
community (Lederberg & Uncapher, 1989).

. Today's scientific challenges can be characterized by the nature of the phenomena to be
understood and the resources available to understand them. More than ever before science
focuses on phenomena that are remote and inaccessible, are inherently distributed across
space and time, and are conceptually and computationally complex.

Much of scientific research remains fiercely individualistic, with a single scientist
displaying a high degree of creativity and versatility in the completion of a project from
inception to tool-building, data collection, and theoretical analysis. However, even the
isolated investigator works within the social definition of discovery, if only to demarcate
what is new knowledge. Furthermore, what is discovered must meet some canonical
criteria of significance. All this implies that a community of scientists and science is
inherently a social enterprise. Its practice often requires highly organized teamwork in
the coordination of highly specialized skills from different disciplines.

The scientific process, however, is not only coordination, but also a process of team
science - the collaboration among scientists working on a common problem. This may be
tacit collaboration of minds reached by searching and reading scientific literature,
explicit bilateral exchange of ideas, tips, etc.. It may be a formal cooperation over
extended periods of time, with contractually agreed division of labour and allocation of
credit.

2. Cooperative networks in space science work

In order to analyze the main processes in space science work within the perspective of
CSCW, the authors applied a methodology (TicutomiNet by RSO) which supports the
identification of the main components of processes and of the types of cooperative
networks. Within this methodology, three main types of cooperation are identified in
order to distinguish different cooperative networks: coordination, collaboration and co-
decision (Schael & Zeller, 1990). These fundamental types of cooperation help to
describe aspects which are substantially different in terms of the nature and the scope of
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work, the relationship between the participants, and the types of communication and in-
formation occurring within the group.

2.1. Identified work processes

The authors identified a number of scientists' working processes. The material for the
analysis was gathered from documents and interviews with system developers and
scientists from the space science community. The argumentation in this paper will not
exploit all aspects for all processes, but give some examples for possible generalization
in the development of science information systems. The following processes are a sample
of processes which have been identified as a result of meetings with users and system
developers; they cover a range of typical working processes in ESA's user comunity.

- Announcement of Opportunities (AO): the AO is released by the Agency and users decide
whether they are interested in participating or not.

- notification of interest: exploration of interest and opportunities for a possible
experiment with a later constitution of a consortium in reply to a call by the Agency

- payload selection: verification of resources availability and selection of proposals

- payload design and development: development and initial testing of the payload

- mission preparation: experiment plan and all servicing and logistic aspects are
finalized

- mission operation: experiments are performed on board, data is captured and stored,
preliminary analysis of experiments

-exper r :

- research and study activities: process of modelling, data analysis, idea generation, etc.

- co-authoring: paper production and publications after the experiment where the
_results are written up. Each scientist has a well defined role in the writing process
according to his competence or special interest defined during the experiment life-cycle.
- development of special tools: software or instrument development

- re-use of software and/or data: exchange of models and/or data among scientists

- data research: looking for data on a specific issue

- finding opportunities for cooperation: establishment of interest groups, consortia, etc.
- looking for help: finding solutions to a problem/breakdown

- project management: managing scientific projects

2.2. Cooperative nature of the identified work processes

The matrix below summarizes the results of the analysis of the cooperative
characteristics of the processes discussed here. The table makes evident that the
processes have generally a very high degree of complexity. This implies by its own
nature the need for a high level of information sharing, beside a varied level of activity
synchronization which is a direct function of the coordination characteristics of some of
the networks.
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Characteristics | result* | com- |inform. |activity type of network
Process (dec/rea)lplexity | sharing | synchr.
Announcem. Opport. (AO)| " /¥ d » 4 |[co-dec + coord
notification of interest VA" d xd * co-dec
payload selection A" d d » co-dec
payload design x,/9 A » . coord + collab
mission preparation X,/9 d »+ d coord + collab
mission operation X/ d »+ . coord + collab
research activities X/ A . » collab
co-authoring X/ *, B 4 coord
development of tools */5 *, 4 ¥ coord + collab
re-use software/data *,/9" d ' d >+ collab
data research *,/9 . »» *, collab
opportunities for coop. A" d xd *, co-dec
looking for help X/ d d *, collab
project management X/ 7 » d coord + collab

The importance or presence of the characteristics of the processes are classified into:
+" : high, ®: medium, %: low

2.3. Spaces for design in cooperative processes

On the basis of the previous points, the authors propose two design spaces for cooperative

-work (De Michelis, 1990, Schael & Zeller, 1991). The main technique for coordinating
the work of a group is to provide facilities for synchronizing the various activities
performed by the group, whereas the main technique for promoting collaboration and co-
decision between group members is to provide information sharing facilities.

Striking the right balance between visible activity synchronization and information
sharing is critical to improving the productivity of cooperative groups. Too little syn-
chronization makes the group inefficient and often produce a duplicated effort, too much
synchronization can lead to over-formal communication between group members. This
reduces the effectiveness of working as a group. Likewise, too little information sharing
makes the group ineffective, while too much sharing leads to inefficiency (De Michelis,
1990, Schael & Zeller, 1991).

The first step in a groupware implementation is therefore to identify the optimum
balance between activity synchronization and information sharing, which will vary ac-
cording to the nature of tasks to be undertaken in the cooperative network and the capa-
bilities of the individuals in the group. It will also be necessary to assess the current
levels of synchronization and sharing in the group. The final stage is to identify the
support tools which will provide the optimum balance between activity synchronization
and information sharing.

Activity synchronization and information sharing have to be understood here as malleable
and visible systems, as opposite to predefined and transparent systems. The latter
systems are suitable when people act in a well defined and recurrent environment, but
are not appropriate when people need to cope with breakdowns in a complex environment.
In such a case the transparency of a system is not effective it because does not provide the
way (i.e. the rules, the tools, etc.) to change the system behaviour. On the contrary,
visible systems should allow people to self-reset their behaviour, for example by

* . o . . . .
the final result of a process can be a decision or a realization; the column contains
the relation decision/realization
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renegotiating the timing or by re-routing an activity (or an item of information). Of
course, visible systems are less efficient then transparent systems, to manage a stable
process, but are more effective to cope with the turbulence and complexity of
breakdowns. Therefore, an optimal system should be able to offer transparency or
visibility when needed.

The problem of cooperation in the small and cooperation in the large is the ongoing
process of large groups becoming small, the community dividing itself into sub-groups
and small groups growing up to large groups or looking for help (information) in the
whole science community. This dynamic has a certain impact on the development of IT
systems and services provided to space scientists because it has to take into consideration
the cooperation in the small as well as in the large. This has to be combined with the need
for activity synchronization and information sharing within the processes.

3. Dynamics of cooperative groups

An experienced researcher participates in different groups: they is a member of
research units, divisions, etc. in his/her organizational unit of the laboratory or
department; they participates in local, national, international, etc. research project
teams where they has some specific tasks; they is a member of formal committees
(national and international advisory committees, editorial committees of scientific
journals, steering committees of scientific institutions and/or scientific communities,
etc.); they takes part in groups created to perform a defined task (organization and
program committees of scientific conferences, selection committees, evaluation teams for
research programs, etc.). Each of these groups is characterized by the particular form
of cooperation occurring among its members.

Furthermore, experienced researchers are frequently involved in occasional interactions
. with other members of the scientific community: they can be asked to help with respect to
a topics they are experts for; they might need help with a problem they are facing within
their activity; they can be involved in the creation of something new: a journal, a
research project, a laboratory, etc.; or they can receive a proposal to move to another
research laboratory, department or institute. These occasional relations with other
members of the scientific community aslo show patterns, which distinguish them from
others.

As a result, space scientists and researchers in general interact with persons of two main
categories: persons belonging to one of the groups they are members of, and the other
persons in the research community. Scientists have an ongoing communication with
persons belonging to the first category: every new conversation has some relation with
the previous ones, and there is a strong continuity in the history of their interactions. On
the other hand, scientists interact in an episodic way with the other ones. There is no
continuity. They sometimes need to open a conversation with one of them, but every new
conversation with the same person has little to do with the previous ones.

Let us call the cooperation scientists have with persons of the first category, cooperation
in the small, and the other one cooperation in the large.

3.1. Cooperation in the small

As we have mentioned, cooperation in the small occurs within already established groups,
which might be characterized by relatively well defined roles, rules and a common
history. This creates a setting where every new conversation is related to previous ones,
where relations between two persons assume meaning for other members of the group,
and where people do things together.

The boundary between such groups and the rest of the world is generally well-defined.
This is due to the fact that each group member has a role within the group and everybody
knows what the group members do together. There is also a continuity in the group
because its past experience influences its future.
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Within cooperation in the small two kinds of groups can be distinguished, which cover
most of the variety of the small groups researchers are members of: Stable
organizational units and temporary project groups.

Stable organizational units

Each experienced researcher generally participates in various organizational units which
are stable. Examples are research units of a laboratory or department; divisions of a
large research institution; committees guiding or controlling journals, other periodical
publications or research programs; committees advising the Agency, governments or
intergovernmental institutions. Some of these stable groups' activities occupy most of the
researcher's working time, while others are characterized by rare interactions; some of
them have a deep influence on what they do day by day while others define a limited and
well distinguished field of activity; some of them are fully transparent for them while
others appear with a high degree of opacity; some of them are important while to others
they pay little or no attention.

Temporary project teams

Each experienced researcher participates also in many different temporary teams, as in a
small research project; organizational committees for conferences or program
committees; selection committees for an academical position or a scientific award, etc.
Temporary teams are different from stable organizational units: they are generally
oriented towards actions. The group has one (complex) thing to do and every person has a
task/role within the team. Whenever a temporary team does not do anything, its existence
is likely to lose interest, and it disappears.

4.2. Cooperation in the large

- Cooperation in the large characterizes interactions a researcher has within his/her
scientific community; an experienced researcher interacts not only with persons from
groups s/he is a member of. The researcher frequently communicates and cooperates with
other colleagues in an occasional manner during his/her activity. The community of the
persons with whom they can have occasional interactions, is very large, is loosely
coupled and does not have well defined boundaries. The persons in those interactions can
vary in time, a new interaction can enlarge their number without any formal statement,
and some of them can be lost due to lose relational patterns.

Interactions occurring within these ever changing communities are related to the subject
and to the goals. The whole community is a world where people 'live’ with or without any
defined or specific roles to play. Researchers are looking for the right person(s) who can
or want to do something with regard to their tasks. The community remains quite
anonymous for the single scientist and there is no memory of past experience which
might directly influence the future.

There are two main aspects to be addressed for cooperation in the large among
researchers: The establishment of groups, and exceptional help.

Establishment of groups

Whenever a researcher, or several of them, want to start a new initiative - a journal, a
research project, a research laboratory - s/he opens conversations within his/her
scientific community. Within these conversations they discuss the features of the new
initiative, the conditions under which the contacted persons could possible participate,
the skills or profiles of other persons to be involved, etc. Generally speaking, the scope of
their interaction is to generate conditions and groups, which make it possible to do
something together in the future. While looking for people to create a group it is possible
that some conversations are opened without indicating the partner. This means that the
call is addressed to everyone.
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Exceptional help

Scientific work is characterized by a high number of breakdowns which a researcher has
to face during his/her activities. An experienced researcher frequently discovers that
something is missing to accomplish his/her task: an item of technical information, a
scientific reference, a new paper, a name or an address of an expert in a specialized field,
etc. In all these cases he opens conversations within the scientific community to overcome
the problem. At the same time it can happen that s/he discovers something which can help
a colleague, or has been asked to him/her before. In these cases s/he opens conversations
with his/her colleagues to distribute the information s/he has found. Also in the case of
exceptional help some conversations are opened without indicating the partner (addressed
to everyone).

The following matrix shows the types of cooperation related to the size of groups in the
community (cooperation in the small or in the large) and the dynamics in changing from
one type to the other.

There are four very dynamic processes (notification of interest, research activities,
opportunities for cooperation, looking for help). The greater part of processes remains
usually in a defined domain and cooperation in the small is largely prevailing. This result
should be taken into serious consideration because it implies a need for specific and
limited workgroup domain rather than generic and undefined needs of communication and
information search. \

Characteristics | Cooperation Cooperation Dynamics
in the in the in changing
Process small large small/large

Announcement of Opportunity
notification of interest
payload selection

payload design

mission preparation

mission operation

research activities

co-authoring

development of tools

re-use software/data

data research

opportunities for cooperation

looking for help

‘n!g‘"x*x\‘n\‘x‘x!!!
BRI RN RN AR AN N 4R AR AR
SARIRARAN NN RN AN 4R AANE

Project Management

The importance of the cooperation types and dynamics are classified according to:
#": high, ®: medium, %: low

3.3. Support functionalities for coopérative groups

The functional needs can be divided in the two domains of communication and information
management specifying functionalities which reflect this dynamics of growing and
decreasing groups in different cooperative processes.
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Communication

Communication can be further divided into:

« open communication (mail, teleconference, bboard, etc.) for cooperation in the large;

« domain communication (stable groups with common workflows in a specific context,
e.g. a project) for cooperation in the small.

Information management

Information management can be further divided into:

- open search for information (relational DBs and concept search tools);

« information search based on events (workflows with an electronic mail system as its
backbone and information objects' history modeled by hyper-links).

Giving the results of the analysis of the characteristics of the cooperative networks and of
the dynamics of groups, the following table suggest a preliminary view of the functional
needs, where:

- open functionalities are associated with work processes which are characterized by
cooperation in the large or by highly dynamic cooperation in the small;

- domain and event functionalities are associated with work processes characterized by
stable cooperation in the all or by highly dynamic cooperation in the large.

- open search and event search functionalities are associated with work processes
characterized by information-sharing needs;

- domain communication and event search functionalities are associated with work
processes characterized by activity synchronization needs.

Functionalities open domain open event
Process commun.|commun. | search search
Announcement Opportunities X (X) (X) (X)
‘Inotification of interest D. e (X) X X
payload selection X X X
payload design X (X)
mission preparation X (X) (X)
mission operation X (X) (X)
research activities X (X) X (X)
co-authoring X X
development of tools X (X) X
re-use software/data (X) X (X)
data research X X
opportunities for cooperation X (X) X (X)
looking for help X (X) X (X)
Project Management X X
X : important functionality
(X) : less important functionality

The matrix shows that most of the identified processes would benefit from domain specific
communication support, while open communication support is associated with a limited
range of work processes. Event-based and open information search are widely distributed
among the processes identified and are often required together.

4. Development of a service portfolio

A service portfolio was developed, taking account of the different work processes
analyzed. The science information system should support each of these processes and
should integrate systems for break-down resolution. Some of these services for space
scientists will be general (standard applications for the whole community) — the open
services — while others relate to sub-groups (customized applications for specific user
groups or domains in the community) — the domain services .
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Open services

Open services are aimed at supporting cooperation in the large (establishing groups,
looking for help). Open services should be conceived as basic services to support
communication and information retrieval in the wide community. Open services like
Email, teleconferencing and bulletin boards for group communication, and retrieval
services for information management, are appropriately addressed by the present ESA's
information systems ESIS and CUIS. Therefore open services are not further discussed in
this paper. Nevertheless we put emphasis on the need to integrate open services with
domain services in a way which enables the users to shift from one type to the other, as is
typical in the dynamics of change between cooperation in the small and in the large.

mai vi

Domain services are aimed at supporting cooperation in the small (stable organization
units or processes, temporary groups). Domain services should be conceived as specific
services to support communication and information sharing within specific groups or
processes; this is the type of functionality that is poorly addressed by the present ESIS
and CUIS.

The types of services and types of functionalities can be crossed as described in the
following matrix, where some examples of possible functionalities are reported:

Service\Functionality Communication Information management
Open Email, Information
services Teleconf, retrieval

Bboard
Domain Workflows], n Hyper-links,
services Event research

The following table shows the level of coverage of the current ESIS and CUIS functions
with respects to the work processes identified:

Current systems ESIS CUIS
Process
Announcement Opportunities open services open services/questionnaires
notification of interest open services open services/questionnaires
payload selection open services open services/questionnaires
payload design not foreseen currently not developed
mission preparation not foreseen currently not developed
mission operation not foreseen currently not developed
research activities open services open services
co-authoring ' currently not developed currently not developed
development of tools currently not developed currently not developed
re-use software/data open services open services
data research fully supported fully supported
opportunities for cooperation open services open services
looking for help open services/directory open services/directory
Project Management not foreseen possibly in the Activity Office

ESIS and CUIS are well developed systems for open communication services and search for
information in relational data bases. Therefore both system are a valid support for all
processes which mainly need open communication. The same counts for the need for open
information search. However, among the processes identified open services are
exclusively needed only for the 'data search' process. All other processes need domain
communication and/or event-based search functionalities in combination with open
services. Furthermore, there are processes which mainly need domain communication
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services and/or event-based search facilities. These processes are not at all well
supported with the current systems.

4.1. Domain service portfolio

Domain services are the area in which significant innovation is possible for ESA's
information systems, as seen from the comparison of domain service requirements and
support levels in ESIS and CUIS. We provide below some guidelines to approach this area
of domain communication and domain information management.

Domain workflows

A workflow is a unit of work that happens repeatedly in the organization of work.
Workflows reflect the recurrent organization of work, but their organizational and
communication patterns are based on both standard and ad hoc actions taken by specific
persons in order to fulfil a particular condition of satisfaction requested by someone.

Some workflows are formally defined. Others are inherited from experience, without any
explicit design.

The basic unit of processes as a four step action workflow is described in the following
figure where black arrows represent the requestor's speech acts and gray arrows the
actor's speech acts.

1 2
REQUESTOR ACTOR
asks for an action agrees to do it
(Opening phase) gg‘;?eygg? Yes, I'll do it (cgommitmem phase)
v ¢
\ &,
4 ( 3
REQUESTOR & Ox. thankyou ACTOR
accepts report and fulfills the work and
declares satisfaction reports it done
(closing phase) (performance phase)

Figure: Basic action workflow (ATI, 1990; Dunham, 1991)**

The underlying model sees persons as continuously communicating individuals who open
and close conversations in their working life relations with colleagues and others to
accomplish their tasks in the work processes. The flow goes through the phases of
opening, committing, performing and closing.

A different type of workflow can be identified when instead of a request for an action an
exploratory or declarative conversation is opened. In such cases the communication flow
is less structured and can be seen as recurrent communication steps between the
participants which usually end with a mutual final declaration.

A software for modelling workflows can be seen as a 'toolbox' which allows the generation
of applications supporting more or less structured processes and procedures. This
electronic process support will address domain specific services and might be
implemented e.g. in the Columbus Activity Office (CAO). For the Columbus Activity Office
there is a general need to monitor progress in the defined processes. This also concerns

** from Action Technologies Inc. Business Design Language
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the information that material sent officially from the agency has been received by all
parties.

CUIS has taken into consideration the development of a prototype for the automation of
activities related to handling questionnaires and forms and to extracting requirements for
analogous developments.

We will develop an example for a much used process in different areas of the Agency, the
Review Item Discrepancy process, called RID. The RID process is initiated by a Technical
Officer who will ask a third party to review a deliverable (software, document,
instrument, etc.). The reviewer records his/her comments about the reviewed item on
RID forms. The reviewer can also recommend a solution and insert it on the same form.
The Technical Officer will pass the form to the author/deliverer of the item for his/her
statement on the issue. In a final meeting a decision about the review discrepancy closes
the RID process. The process is modelled in the following figure as a workflow with
connections to the stored data in the information technology system.

Origi- RID Title Problem Problem/  Recomend.  Authors  Review
nator D3a®  ND Issue Location Requirement  Solution ponse Decision

a1B.inbey 1sureBe wejqoid uesu|

Technical §
Officer

declaration
workflow

Figure: Workflow and information processing in the RID process

The combined modelling of information and conversation flows makes it possible to
trigger the information about a specific RID in the RID-information-base, and the status
of the process in the RID-conversation-base (Schael & Zeller, 1992). The four steps in
each action-workflow (opening, committing, performing and closing) are flags which
help to understand the progress in the RID-process management. This concerns both the
three main sequential steps of review, comment and meeting, as well as the steps within
the single workflows. The previous figure showed only the basic workflows. Every phase
can have secondary workflows which will be mainly negotiations and delegations by the
involved persons. The following figure shows the case of negotiations among the requestor
(Technical Officer) and his actors (Reviewer in the review flow and supplier in the
comment-on flow).

The steps for completing a RID expand with these quite obvious escalations of the basic
workflows but are not reflected and supported in the present developments. Let us make
an example for a hypothetical RID process. The Technical Officer generates a new RID and
sends it to a reviewer. After the officer's request the reviewer should find several
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alternative answers on the communication system which supports the RID workflow.
Possible answers are e.g.:

1.) Yes, I'll do the review (promise)

2.) OK, except that ... (counteroffer)

3.) No, however ... (counteroffer)

4.) Here is my review (work done)

5.) I cannot/will not do the review (decline) (Winograd & Flores, 1986)

The first choice (promise) would bring the workflow in the simplest way to a
completion; the reviewer will fill his bids of information in the RID (reports
completeness) and the Technical Officer will thank him for the review (closes the
workflow). The reviewer might also directly send the complete RID to the Technical
officer (4th choice) without a prior explicit acceptance. The second and third choice will
open a negotiation about the review process. The final option will simply decline the
Officer's request.

Technical § a]iverable/ \ Supplier negotiation ¥

Officer g8
: Revisioner

product reviewg Supplier

Figure: RID processes with negotiation

These different possibilities in a conversation protocol have to be developed according to
the domain specific process supported. Some iterations are generic (request, promise,
counteroffer, close, etc) while others will be process specific (e.g. the RID review
message form).

The Technical Officer now has two possible monitoring features. the first is the review of
his conversation base with all RIDs in there. The outcome will be a list of RIDS with
information about the status which might look like the following for the Technical Officer:

Date Originator Type Recelver Status Object

1-2-91 Officer request reviewer 1 accept RID 123-item abc
3-2-91 Officer request reviewer 2  work done RID 124-item cde
4-2-91 Officer request supplier X counteroffer RID 103-item aaa
5-2-91 Officer request supplier Y closed RID 110-item aab
9-2-91 Officer declare supplier Z open RID 101-item ccc

This list explains the following: reviewer 1 agreed to review RID 123 and the Technical
Officer is waiting for the filled in form. Reviewer 2 has already sent him the form and
the Officer has to verify it and close the conversation with him. Supplier X has entered
into a negotiation about RID 103 by making a counteroffer. The review and commenting
phases for RID 110 have already been closed and RID 101 is in the review meeting phase.

Domai ffic and e I

Problems concerning information management are relevant in cooperative processes.
This is true in general for the production, revision, filing and distribution of documents.
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This is also true when cooperation is not directly related with creating and modifying
documents, because people collaborating on a common task need to share the information
characterizing that task. The re-use of information in the science community depends on
the capacity of the organizational and technological support. Developing Space Science
Information Systems for cooperation means to introduce tools which allow people to
structure information in a way that reflects how it was created or exchanged between
different persons.

When we access an information source for the first time, we adopt a 'logical’ criterion of
selection. However, when we access information we have created together with others or
we have accessed before, the natural method is to reconstruct the process by which it was
created, or used for the last time. Concepts and techniques related to hypertext provide a
promising model for coping with this issue.

Let us make an example: When a researche needs a document which s’/he remembers
related to a specific person during a conference and a following discussion about its
content on the Email, the scientist has two possibilities for his/her search. The search in
structured information storages (bibliographic index in the library, personal conference
folder in his shelfs, conference proceedings, etc.) is one possible way to find the needed
document. The structured retrieval methods are efficient, but not always successful. In
this case he has to trigger back to the event. Consulting again his Email messages in the
period around the conference he might find out about the person who wrote the document.
He might also find the message with which the paper was sent to him as a file.

A system which supports this event-based research will be based on communicative
events and on information-treatment events. The basic concept for system design is the
linking of messages and information objects in order to exploit the overall context of
these single events.

- The first type of link is among messages because the unit of communication is not a
message, but a conversation, which is the set of related messages identified by a subject.
A conversation relates, e.g., to a commitment under negotiation or execution. People can
better understand the event and related messages if they can re-view the history of the
conversation. This also makes it posible to review the whole conversation by finding only
one message and looking forward and backward by following time-sequential links. i

The second type of link is between different information units following the hypertext
philosophy.

The third type of link is probably the most important for event-based information
search. It is the link between the message and the information (document) related to it.
Taking our example, the file of the document has to be directly accessible from the
message it was sent with and all the related messages in the conversation. This would
make it possible to retrieve the document starting from the communicative event. If it is
a text file, it can be shown in a window together with the message in a second window. The
scientist could scroll in the paper and follow again the history of his discussion in the
other window. If there are more versions of the paper or other documents related to this
discussion, they can all be linked to single messages and the conversation. This would
mean that they too can be displayed in further windows on the scientist's screen.

This concept of links for event-based information search should be combined with the
domain specific workflows. This would mean in the case of the RIDs that e.g. the Technical
Officer can see the history of a RID as linked messages in the workflow, open related
documents by message/document links and consult the RID-database following
document/document links.
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Pac 31118
From: Scientist A

From: Scicntist B From: Scientist A

To: Scientist B To: Scientist A To: Scientist B
[Subject: Paper on stars Subject: Paper on stars Subject: Paper on stars
Please find inclosed the . —g 1 still had a file on my i [Thanks for the data. I have
firaft version of the paper machine with the data. integrated them in the final|
mentioned to you during sbout the mission results. Vﬂﬂﬂwwm
conference last week. 111 send them inclosed. For publication.
ith kind regards With kind regaxis IWith kind regards
ientist A Scientist B [Bcientist A
Message/
Document
Link
Paper on stars Paper on stars
Version 1.0 Final Version

Document/Document Link I

Types of links for event-based information research

Conclusion

To implement the proposed guidelines for a service portfolio, the following CSCW
technologies should be considered: Workflow technology and Hyper-linked data-bases are
a technical response to the lack of domain services identified. Workflow technology
supports processes within specific domains. Workflow management technology addresses
- the combination of communication and information flows in a process. It controls the
routing, commitments taken and provides status reports on the work in progress. A
hyper-linked data base can be created and maintained that tracks the team interactions
and provides an ongoing record of the related interactions and information objects. This
would provide a long-term record of messages, documents, research projects, all
connected by hyper-links. Electronic mail along with the support for structured
interaction (workflows) can be coupled with hyper-links tools.

Another area of innovation is addressed by CSCW technology for remote collaboration.
Developments in this direction are screen-sharing technology and multimedia
conferencing. Screen sharing technology allows users to see on their own workstation
what is on the other people's screens. Some products make it possible to view and control
part or all of the screens (file-transfer), while more sophisticated systems allow more
complex and structured activities providing specific support for screen manipulation.

Multimedia conferencing focuses on collaboration in meetings and remote working
sessions, such as between scientists working together at distance. The scientists'
workstations include shared windows, a remote video and high-quality audio link. The
technological setting for meeting suites usually includes a computational whiteboard.
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ABSTRACT

In the last decade, studies of writing have focussed on the internal writing
processes of solitary authors. However, it is not clear that a purely cognitive approach,
with its concentration on hypothetical internal representations and cognitive processes,
is most appropriate to guide the design of individual writing systems, let alone
collaborative authoring systems. This paper argues for a cultural-cognitive approach to
the study of human activity, which yields insights which are more informing for
designers of systems than purely “classical” cognitive ergonomics. An approach,
cultural-cognitive ergonomics, which focuses on the group and its attendant cognitive
artifacts as a cognitive system is outlined, and the notion of the mediation of cognition
through collaborators and artifacts is discussed. Some illustrative examples from a study
in which participants worked closely together on a conceptual authoring task using a
shared work surface are presented and the phenomena that emerge are interpreted within
this cultural-cognitive perspective. Finally, it is considered how this approach might
inform the design of systems for collaborative writing.

1. Introduction

Physical ergonomics and anthropometrics study human physiology and attempt to inform the design of -
artifacts and work environments such that they have a good "fit" with the human body. Similarly,
cognitive ergonomics attempts to use an understanding of human cognition to inform system design. But
while the human body "stops at the skin" I will argue that mind extends beyond the physical confines of
the body, and so a “cultural-cognitive ergonomics” is called for. Cognitive ergonomics draws on
cognitive psychology and experimental psychology, which have been concerned with mapping out
aspects of the individual mind, including perception, attention, memory, reasoning abilities, etc.
Cognitive ergonomics draws on cognitive science and artificial intelligence, where cognitive tasks have
been modelled in terms of internal causal mechanisms with little regard for the role of the environmental
situation in cognitive activity or for the context provided by co-workers.

In recent years, systems to support collaborative work have been made possible by advances in computing
and communication technology and so there is greater need to consider the cultural and social context in
which cognitive work is done. At the same time approaches which focus on the group and its associated
cognitive artifacts, which I will refer to generically as shared cognitive approaches, have emerged (or re-
emerged, see below), and researchers in Human-Computer Interaction (HCI), and especially in Computer
Supported Collaborative Work (CSCW), are displaying increasing interest in these approaches. Recently,
several systems supporting collaborative authoring or editing have been developed (Leland et al, 1988;
Neuwirth et al, 1990, ShrEdit, 1990) and in this paper I take the design of authoring support tools as an
example domain in which to illustrate the argument for a cultural-cognitive ergonomics. In the next
section I briefly characterise a cognitive model of writing which has been influential among designers of
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systems, and mention some criticisms of it. In section three I outline the central features of the
anthropological and cultural-psychological approaches which contrast with the "classical" cognitive
approach. Here, I introduce the notion that cognition is mediated in a dialectical relationship with
cognitive artifacts and collaborators such that its character, structure and functionality is radically
changed. This theoretical stance suggests we will understand cognitive tasks better if we study groups
working closely together using external artifacts to help them think, and in section four I describe such a
study. In the following sections I consider aspects of the mediation of cognition using examples from this
study, demonstrating that cognitive "faculties” of a very different nature than individual cognitive
faculties are distributed throughout the system as a whole. In conclusion, I briefly suggest how this
cultural-cognitive ergonomic approach might inform the design of systems to support individual and
collaborative authoring.

2. The cognitive approach to writing

In the last decade studies of writing have focussed on writing processes of solitary authors. In the
tradition of cognitive science, these have often used verbal protocols, together with an analysis of the
representations subjects use, to induce the internal cognitive processes producing the writer's behaviour.
An influential example of the cognitive approach is Hayes and Flower's (1980) use of verbal and written
protocols of writers to build an internal cognitive model of writing, incorporating various sub-processes
which can be called in different orders by a control process, allowing the model to account for different
writing styles and strategies. The sub-processes are represented in terms of more primitive commands
which operate on the knowledge represented primarily in the writer's semantic memory. Semantic
memory is assumed to be some propositional notation incorporating concepts, relations and attributes,
perhaps represented in a network of nodes connected by associations (Caccamise, 1987). Although the
Hayes and Flower model may be virtually unfalsifiable, as given the right control structure virtually any
protocol could be accounted for, it has provided the most important conceptualisation of the writing
" process in cognitive science.

Holt (1989) criticises such cognitive models, which treat writing as a problem solving activity with a
solution that can be related to the problem through a series of cognitive processes. Holt argues that these
models do not place sufficient emphasis on the interaction between the writer and the external
representations used in the activity (notes, plans, drafts, etc). Also, where writers are forced to attempt to
verbalise internal processes they would not normally attend to, which may in any case be inaccessible to
consciousness, this may interfere with their normally unconscious activities. In this paper I argue that
though purely cognitive models may be interesting from a psychological point of view their concentration
on the internal has limited their usefulness in system design, as computer systems exist to support and
manipulate external representations with which users interact. Even where system designers of authoring
systems have used cognitive models, it has not really been the internal cognitive aspects that have
informed design, but rather what the cognitive model implies for the use of external representations.

Two recent authoring support systems draw on the work of Flower and Hayes, providing the writer with a
hypertext-browser-like network view of the text for arranging and linking ideas, and linking this to a
hierarchically structured outline view, and a conventional editing view. Sharples and O'Malley (1988)
suggest that the "Writer's Assistant” might "externalise cognition" (Ibid, p276) and in later work (Sharples
and Pemberton, 1988) it is argued that cognitive models must be extended to say more about the
"intermediate representations” (notes, networks of idea labels, etc) which are a bridge between internal
mental structures and the final text, and about the external media that support those representations. The
"Writing Environment" (Smith, et al, 1986) is similarly described as an "intelligence amplification"
system (Smith and Lansman, 1989, p18) whose different views are designed to correspond with the
external "intermediate products” (Ibid, p33) that are generated in writing. In CSCW, where we must
understand not only the role of the external environment or the computer system in the cognitive activity,
but also the interaction between different individuals, a purely cognitive approach is yet more inadequate.

- These critiques of the work of Flower and Hayes provide many useful insights, particularly emphasising
the importance of external representations in the writing process, though their language seems to attempt
to conceptualise external activity in rather simple "classical” cognitive terms. For example, though an
external network diagram of ideas may capture aspects of its creator's internal knowledge organisation
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and associations it cannot be said to "externalise” an internal semantic network which would otherwise be
implemented in the neural architecture. Similarly, a cognitive process that would otherwise be performed
internally cannot be "externalised" and performed using external representations, though it may be
replaced by a different cognitive process that uses external representations. Norman (1991) points out that
external representations improve performance (when one considers the person and supporting artifacts as
a whole) but they do this by changing the nature of the task being done by the person rather than by
"amplification". External representations are not used only to represent ideas in a notation intermediate
between semantic memory and fully formed prose, but to mediate cognition. In this paper I use the term
_mediating representation (Wood, 1992) to emphasise the dialectical relationship between person and
representation through which the character, structure and functionality of cognition is radically altered.
Similarly, the term collaborative mediation (Sibun and Shrager, 1992) is used to refer to the process by
which collaborators support one another's activity. In sections 5 to 9 I deliberately use the terms of
cognitive psychology and cognitive science in "scare quotes” to refer to the "cognitive faculties" of the
complex cognitive system formed by a pair of individuals and their attendant cognitive artifacts. Here, I
use these terms in order to emphasise how different the "cognitive faculties" of the complex cognitive
system are from those of the unaided individual.

Flower (1989) has herself recently argued that a more situated model of writing is called for, which
recognises the dialectic between cognition and context. In the next section I outline the central features of
the cultural psychological approaches to cognition which will inform such a model.

3. Cultural psychological approaches to cognition

In the last few years a nexus of related approaches which are predominantly anthropological have been
gaining currency in cognitive science. In her work on "situated action" and "situated interaction”
_ Suchman (1987) draws on ethnomethodological insights to show that we do not simply plan a course of
" action internally and then act on the world, but rather our behaviour is structured in interaction with the
moment-by-moment contingencies in the situation of action. Lave (1988) similarly emphasises the
dialectical relationship between the mind and the setting and activity in which it is engaged, whereby
mind and world shape one another in a subtle interaction. "Distributed cognition” (Hutchins, 1991)
considers the individuals and their attendant artifacts, which interact in the performance of a task, as a
single complex cognitive system, and attempts to describe how the different components of such a systém
are coordinated when individuals work together with shared representational media and shared cultural
knowledge. Rather than attempting to induce hypothetical internal cognitive constructs distributed
cognition focuses on the observable external representations which comprise the "mental state" of the
system. Fuller accounts of these and other approaches to socially shared cognition may be found in a
number of current books (see e.g. Resnick, Levine and Teasley, 1991). The cultural-cognitive ergonomics
I propose here draws most heavily on Hutchins' notion of distributed cognition (it could probably equally
well be called "distributed cognitive ergonomics” or "socio-cognitive ergonomics"), and interprets it
within a cultural-psychological framework.

Though these approaches differ significantly in emphasis and in their language they are commensurate
with a core of cultural psychological ideas which I abstract below. Cole and Engestrom (1989) show that
a cultural psychological approach was propounded by Wilhelm Wundt (the "father” of scientific
psychology), alongside his experimental psychology, to allow for the study of "higher mental functions”,
and likewise by Hugh Miinsterberg ("the father of applied psychology”), who made an early argument for
the distributed nature of mind in 1914. Among Western social scientists the followers of Mead and
Dewey have used such ideas to a limited extent (Damon, 1991; Cole and Engestrom, 1989; Resnick,
1991) but it is the sociohistorical school of psychology developed in the former Soviet Union by
Vygotsky (1978), Leont'ev and Luria which embodies the most complete and cohesive psychology which
integrates the cognitive and the cultural. This has recently become more influential in the West, and it is
from this formulation that the characterisation of approaches to socially shared cognition that I will
present here draws most heavily. In particular, I here suggest that some notion of "activity" as the
appropriate unit for scientific study, and a concept of “mediation” through culture, are important in these
approaches to socially shared cognition.

89



Whether one argues that the classical cognitive approach is ill conceived and that we should rather study
situated action (e.g. Suchman, 1987), or one suggests that the science of internal individual cognition
might be extended to cover the part that the situation plays in cognitive activity (e.g. Hutchins, 1991),
may be more a question of terminology than a very substantive difference. In either case the result is an
approach concerned with "activity" rather than individual cognition. Kuutti (1991) gives an excellent
account of the concept of activity in relation to CSCW research when he presents it as an intermediate
unit for scientific research between the individual (where context is ignored) and the social system (which
is generally too large and confused to be used as a context in ergonomic research). Activity is "a minimal
meaningful context for individual actions" (Ibid, p254), in other words it includes consideration of just
those co-participants and mediating artifacts which play a part in the cognitive process at hand. It is
important to appreciate that an activity does not exist solely in the moment but is historically grounded in
culture through the mediating artifacts which may have been created by preceding generations.

Mediating artifacts, or products of culture, may be considered "tools" in the wide sense that they alter
human's relationship with the world and one another. Hammers and slide-rules are most obviously
products of culture which condense cultural knowledge and enable people to shape the world, and in turn
alter the character of cognitive activity. Cognitive artifacts, which may be as simple as a knot in a
handkerchief, or as complex as a computer or encyclopaedia, are also products of culture which allow
people to control their own and others' attention and memory. The full import of the cultural
psychological perspective becomes apparent when one considers that shared cultural schemas which
guide collaborative activity and conversation, and even language itself, are all mediating artifacts. When
one does mental arithmetic or uses syllogistic reasoning in the head, one is using forms of thought
appropriated in the cultural milieu which are themselves tools, not simply one's own innate unaided
"animal” intelligence.

Our relation with the world and others is also mediated through our collaborators in activity. We learn
skills by sharing a task with a parent, teacher or expert who structures the activity for us and makes
manageable parts of it available to us while performing other parts of the task for us. As we learn, the
teacher progressively performs less of the task herself, makes more of the task available to us, and guides
us less, until we eventually can perform independently. In this way an individual's cognitive skills are
grounded in collaborative activity and are essentially social (Wertsch and Addison Stone, 1985). Just as a
teacher can provide this kind of "scaffolding" (Bruner, 1983) for a learner, when adults work together
they can mutually support one another through a process of "collaborative mediation" (Sibun and Shrager,
1992).

The cultural-cognitive ergonomics that I am proposing is concerned with cognition as it is mediated
through cultural artifacts and collaborators. In the remainder of this paper I will illustrate this transformed
cognition using examples from a study I recently performed of participants working closely together
using external representations in an idea sketching task. Working within the theoretical perspectives I
outline above we are led to study the activities of groups in the context of mediating artifacts, as opposed
to attempting to isolate individual cognition in a "pure” or "disembodied" form. Ideally, an activity should
be studied in situ rather than in the laboratory as one cannot know in advance what aspects of context will
play a part in cognitive activity, and these approaches tend to use methodologies from anthropology,
ethnography and conversation analysis, rather than those of experimental and cognitive psychology. Due
to limitations of time and money in the study I report here participants were engaged in an activity which
was realistic, but not real. Where groups are studied there is no need for verbal protocols. Here, the
utterances individuals made for one another, their interpretations of one another's utterances, and the
representations they used, were naturally available to the researcher. Their activity was recorded on
video-tape and later transcribed and analysed in fine detail.

4. A study of authors working closely together

Writing consists of different tasks (planning, editing, etc) and these are executed in large groups and
pairs, synchronously and asynchronously, with varying degrees of co-presence. The idea generating and
planning aspects of collaborative writing are often done in close collaboration, and such a task best
illustrates the cultural-cognitive approach. In this study, six pairs of (mostly doctoral level) students were
asked to generate and organise the ideas for a short paper. The participants were told they need not
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dctually write the paper, but should stop when they had a clear idea what it would look like if they did
write it. By analogy with "conceptual design" (Tang, 1989) this was a “conceptual authoring” task in that
it was concerned with the predominantly early activity concerning the ideas for the text rather than their
instantiation in fully formed grammatical prose. The authors sat side by side at a large desk,.and were
videoed from above (to show their drawing, writing and pointing, sec figure 1) and from the front (to
show their gaze, bodily orientation and gestures).

Figure 1. The view from above shows the authors and their workspace activity.

The authors were provided with a variety of external media (a horizontal whiteboard, different sized pens
and paper, post-it notes, etc) and were allowed to bring their own media and literature to refer to. Though
the situation was not fully natural the authors generally chose topics of genuine interest to them and were
drawn into the task. They reported that they felt they were behaving naturally. The experimental
paradigm is similar to studies of use of shared drawing surfaces by designers (e.g. Tang, 1989; Scrivener
and Palmen, 1991) though here the authors were concerned with concepts rather than physical artifacts so
that they used graphical and spatial notations only in metaphorical ways. The authors generally worked
closely together over shared sheets of paper or the whiteboard, discussing ideas and representing these
ideas and their structure in the shared workspace. In some pairs one author would take the role of
"recorder” for long periods, but more usually both authors would take turns at drawing marks!, and these
turns were closely synchronised with turns in the spoken dialogue. Each session ran for approximately
one hour. In a structured post-interview the participants were asked about their experiences of the
exercise and about their use of mediating representations in their everyday work. They were also played
parts of the video tapes where the activity was particularly interesting or ambiguous and were asked to
comment on what they or their partner were doing. These interviews were themselves recorded.

5. Mediating representations (" Knowledge representation)

The mediating representations produccd in the workspace mainly consisted of single words and short
phrases which chunked and labelled complex ideas discussed at, or just prior to, the time they were

! In this paper I use the word "draw" generically to refer to the production of any mark in the shared
workspace. The word "mark" is similarly uscd to mean any textual, typographical or non-textual mark.
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produced (see figure 2). I will refer to these words and short phrases as "labels". These verbal labels were
invariably augmented with the typographical marks which are well established in our culture. Case, size,
and underlining, were often used to indicate something like importance or emphasis. Bulleting and
numbering were used to enumerate lists of ideas. Indentation was used to indicate the hierarchical
organisation of ideas. These typographical cues added a perceptible access structure and the subjects
reported that they made the representations more visual and memorable. The participants also sometimes
used informal non-textual graphical and spatial notations. Related ideas were linked with a line or placed
adjacent to one another. The spatial positioning of a label in the two dimensions of the paper relative to
other labels often showed in what phase of the work it had been produced, its place in an argumentative
structure, or its projected place in the final text. Ideas were grouped by being clustered or enclosed
together in a rectangle or circle. These words, typographical cues and graphical signs originate in the
conventional languages of English, typography and graphic design, established and experienced daily in
our culture. However, the meanings of these mediating representations would be highly ambiguous or
opaque to someone who had access only to the mediating representations, as single words at a high level
of abstraction were used to represent complex ideas and graphical signs were used in idiosyncratic ways.
Their meaning was generally not explicitly negotiated but rather was established by the drawer through
the speech uttered concurrently with the drawing action. Therefore, the signs were "informal” in the sense
that knowledge of the context of the sign's production was necessary for its interpretation. In this way, the
representation of knowledge in the complex cognitive system was distributed between the physical signs
(as they would be interpreted in the cultural context of English, typography and graphical languages) and
the minds of the participants who collaborated in the sign's production.
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Figure 2. An idea sketch incorporating verbal idea labels, typographical
cues and graphical signs.

In addition to these informal graphical languages some graphical marks were more pictorial. For example,
one author drew a large funnel shape over the whole of a sheet of paper to represent the structure of a
paper (a general introduction followed by increasingly tighter focus on a particular topic). Later both
authors pointed to places in this shape, and drew on it when talking about parts of the paper, but no text
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was ever added to the representation. Even this very unusual non-textual representation had its meaning
almost entirely established implicitly in situ, without explicit negotiation, through its context in the pair's
activities, and the authors reported that the representations they used seemed "natural”. I would suggest
that the representations used were strongly grounded in culture and not totally idiosyncratic. In Western
culture it is natural to represent the beginning of a paper by the top of a page and the end of a paper by
the bottom of the page. It is natural also to represent a broad general introduction by the wide part of a
funnel, and the narrow focus of the central part of the paper by the narrow part of the funnel.

6. Modes of communication ("Information flow")

Just as representations "in the head" and in the workspace complemented one another in carrying meaning
for the complex cognitive system, so speech, gesture (including eye movement and body orientation) and
drawing were used closely in concert with one another. In the situation studied communicational events
can take place in several modes (see figure 3). First, interlocutors may simply speak to one another (1).
They may accompany speech with gesture, or occasionally use gesture alone, including eye movement
(perhaps for "back channel communications” like the "um hmm" sounds that a listener produces to
indicate that she is "with" the speaker) (2). Speech and gesture may make reference to the shared
representations in such a way that the shared representations are required to be present for the
communication to carry its meaning (3). In their. synchronous conversation the interlocutors may
communicate through the shared workspace, making changes to the representations in the workspace,
usually accompanied by speech (4). Asynchronous intentional communication through the shared
workspace, not accompanied by gesture or speech, may also take place where marks are made in the
workspace by one participant who intends that the other will later read them (5). When one of the
participants uses an area of the workspace for their own use this may be accessed by the other and
"unintentional communication" may take place (6). Mediating representations may be used for "reflexive
communication” (communication with the self) where marks in the shared workspace are both written and
“accessed by the same author (7). In practice it is hard to observe unintentional communication (6) or
reflexive communication (7) (though it is assumed that reflexive communication goes on all the time in
this situation). Asynchronous communication (5) did not seem to be common in the situation studied.
These communicational events take place in the context of shared knowledge (including knowledge
generated in the history of the collaboration), represented in the shared workspace, in the minds of the
collaborating participants, and embodied in the culture that surrounds the system. ¢
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Figure 3. Modes of communication with and through the workspace.
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These modes are perhaps in some ways rather arbitrary points on a continuum as it was often hard to
discriminate them. For example, sometimes a "fossilised gestural representation” is produced which
augments speech in the way that gesture does but leaves a mark which serves as a cue to memory for the
gesture and so for the ideas expressed. Conversely, "ephemeral drawing actions" (gestures which seem to
"draw" with an invisible pencil) may be made on an "airboard" (Olson, 1990) overlaid above the work
surface, so that no physical mark is left behind. Also, these modes of communication can be further sub-
categorised. For example, synchronous communication through the workspace (4) includes both (a)
fossilised gestural representations and (b) proper meaningful symbols often accompanied by more
redundant or incidental speech. However, these categories do give a conception of the space of possible
modes of communication that could take place in this situation.
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Figure 4. Microscopic transcription of drawing space activity illustrating
coordination between speech and workspace activity.

In figure 4, a microscopic transcript of a representative segment of the participants' behaviour, one can
see the high level of coordination and interdependence between speech and workspace activity (see
appendix for a brief key to the notation). For the most part, activity in the workspace was coordinated
with speech at the level of the conversational turn, with P and J here drawing and gesturing only during
their own speech turns. There was also generally coordination within the turn, as here we see J's tapping
of the labels "intro", "AI" and "NN" synchronised with the emphasised (through volume and intonation)
words "intro", "AI" and "neural networks". This complementarity between speech and drawing space
_ activity enabled very efficient communication where authors frequently pointed to terse idea labels which
stood for complex ideas previously discussed. Sometimes the dialogue was so replete with deictic
reference that the speech taken alone would be almost unintelligible. Conversely, the mediating
representations were so informal and incomplete, requiring such deep contextual knowledge for their
interpretation, that even the authors who produced them were often unable to interpret the meaning of
representations they had produced a week previously. (Indeed, authors often reported that such "back of
an envelope" representations are discarded almost immediately after they have been produced.) It is
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therefore evident that the communication between the participants was profoundly affected by the
presence of the shared drawing space.

A methodology within distributed cognition, "STORM analysis" (Systematic Transformation Of
Representational Media) (Flor, 1991), considers the trajectories and transformations of representations in
the wider cognitive system. In writing it is possible to follow long "idea careers" (Tang, 1989) from ideas’
first generation and utterance to their final instantiation in well formed prose (Plowman, 1992). In the
study, the authors frequently spoke an ill-formed idea which passed between them in discussion, being
developed and transformed at each turn, before being represented in the shared workspace. Once
represented the label served as a cue to memory and often was referred to and pointed at, taken up again
and further transformed.

7. "Memory" in the complex cognitive system

The drawing activity fell into two fairly distinct classes where marks were produced either to store ideas,
or in the process of communicating them. Ideas were stored by being reified as labels and recorded in the
workspace as they were discussed and agreed or immediately thereafter. Mediating representations were
produced in conversation when marks were produced, together with speech, which helped to
communicate substantive content. Conversational use generally went together with gesturing and pointing
at the representations. The representations produced included crossings out, doodles and other marks
which were a function of the process of discussing and exploring ideas. It was reported that the often
seemingly incidental marks which recorded the history of the work provided contextualising information
which allowed more of what was meant by a representation to be reconstructed when it was read. For
example, the authors would often construct an ordered list (e.g. of headings) and would later insert an
item by drawing a label for the item and an arrow from the item to a location in the list (see figure 2).
Later they might scribble out the arrow and draw an arrow (o a different location. This resulted in an
- admittedly messy, but also visually structured and memorable representation which made evident not
only what had been arrived at but also what might have been, and the order in which the possibilities had
been considered. The participants could easily be mutually aware of these representations, and so the
shared workspace could be considered as part of the "working memory" of the complex cognitive system.

When a single individual uses mediating representations the individual's cognitive faculties are mediated
through the representations and the "working memory" and "cognitive processes” that can be performed
by the complex cognitive system differ radically from those of the individual. In addition to this, where
mediating representations are shared they also play a part in the coordination of the participants' activity.
It has been shown that interlocutors establish and maintain a high level of intersubjectivity through a
process of "grounding” whereby a common ground of shared beliefs and assumptions is constructed and
constantly maintained (Clark and Brennan, 1991). The common knowledge and culture of the authors (the
pairs knew one another well and worked in the same academic field) permitted very close coordination,
and in the extreme case sometimes resulted in jointly produced utterances (where one author completed
the other's utterance). In this study mediating representations were profoundly important in grounding
communication as the results and history of the participants' preceding work were continuously accessible
to them in the workspace. The complex cognitive system was therefore able to maintain a cohesive
"perception” or interpretation of the domain under discussion, partially reified in the external mediating
representations.

Flor (1991) argues that the shared cultural schemas and organisation of a complex cognitive system
structure the behaviour of the system and so constitute a "procedural memory". In this study, for example,
we can see how shared knowledge of the rules governing interaction in discourse in our culture allowed
the workspace to be used in the negotiation of conversational turn taking. The participants rarely gestured
or drew in the workspace outside their conversational turn, and they sometimes vacated the active region
of the workspace to indicate the end of a turn. An author would sometimes gesticulate in the active region
of the workspace to signal a wish to speak. The workspace therefore had the status of "the floor" in a
debating chamber.
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8. "Attention" in the complex cognitive system

The external, spatial nature of the mediating representations allowed the authors to maintain "referential
identity" (Clark and Brennan, 1991), whereby they mutually understood one another to be talking about
the same thing. When they were referring to ideas represented in an area of the shared workspace authors
oriented together to that area, gesturing and drawing in it, and looking to one another occasionally to
ascertain where their interlocutor's attention was focussed. These deictic references were tightly
synchronised with speech. The addressee would similarly orient to, look at, and point at, those
representations, confirming that she had identified the referent. Thus, speech, body movement, gesture,
and eye movement were used to maintain a shared focus of attention. At the beginning of the transcript in
figure four (events b, c, d, ) there is a good example of simultaneous pointing at the label "description".
Throughout figure 5 there is only one small drawing event, but there is constant gestural activity
accompanying speech and it is clear that this is not simply redundant handwaving. It is important to
emphasise that one can control one's own attention through pointing and gaze as well as the attention of
one's partner. Without mediating one's innate cognitive abilities through external cultural tools one's
thoughts are likely to drift into daydream. Sharing one's thoughts interactively with another person can
also serve to maintain a stable focus of attention. In event f of figure 5 J deliberately leaves a pen pointing
at the representation that he and his partner were considering, allowing their joint focus of attention to be
controlled through the mediating artifacts.
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Figure 5. Microscopic transcription of drawing space activity illustrating the role
of the workspace in the mediation of attention.

9. Thinking with mediating representations

Authors commonly reported that the workspace was important in supporting their thinking. Many terse
labels (which sometimes stood for several paragraphs of text) could be placed in relation to one another,
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allowing a gestalt perception of structure. The overview that a graphical representation gave them helped
the participants to achieve a wholistic conception of the content they were considering. Reasoning was
most obviously distributed between the participants and the external representations where, for example,
blank spaces in a table of arguments for and against different positions reminded the participants to
consider arguments for and against each point.

It emerged as important that the workspace allowed the fluent externalisation of ideas. The authors were
able instantly to choose their "font" (e.g. level of finishedness, style of handwriting), size, the angle and
place at which a label should be drawn, the weight of the line, the shape of arrowhead, whether they
would produce text or graphical marks, etc, without having to pull down menus or select tools. (One
author commented in interview that in a conventional drawing program one might draw a line from an
idea label to a place where one wanted to create another idea label, and forget what the second idea was
during the operation.) This ease of drawing was accompanied by an ease of reading as a result of the
visual structure of the mediating representations which made them more memorable and provided cues
for access and navigation (e.g. lines between ideas, typographical cues, spatial layout) so that authors
could locate ideas and their relations with ease. '

The representations' high level of abstraction and potential to be interpreted in different ways (which I
term semantic potential) meant that the meaning of a label could be allowed to change as a result of
further thought and discussion without it being necessary to edit the external physical mark. Though the
representations were reported not to be reliable, as well formed prose is, for storing meaning over time
this very reliance on the context particular to the representation that the reader brings for interpretation
meant that the marks had a low "viscosity" (resistance to editing and restructuring) (Green, 1989) even
though physical ink marks may be difficult to alter or delete. This allowed nascent ideas to be considered
without "premature commitment” (Green, 1989) to an inappropriate conceptualisation or structure.

These efficiencies allowed the participants a speed of thought and communication both with their
 interlocutor and with themselves. Through producing marks which denoted their ideas in an idea sketch
they were better able to perceive, clarify and structure their own thoughts. The workspace activity
fulfilled a function very similar to the function that sketching plays in fine art (e.g. Fish and Scrivener,
1990) where the character of the artist's imagination and visualisation is changed through a mind-media
dialectic where her perceptual faculties can be applied to her own ideas through the external
representation. X

10. Conclusion: towards a cultural-cognitive ergonomics

The perspective that overwhelmingly emerges from the study considers that the authors' cognitive
activities were profoundly mediated through the mediating representations and through collaborative
mediation. Bound together by shared cognitive artifacts (language, gesture and mediating representations)
with their genesis in human culture the individuals and their associated tools formed a complex cognitive
system with quite different structure and functionality than is supposed by internal cognitive models.
Norman (1991) criticises the fact that psychology has concentrated almost exclusively on cognitive
faculties such as memory, attention, perception, and thought, unaided by cognitive artifacts. Similarly,
cognitive science has little to say about how individuals support one another's cognitive activity.
Throughout this paper I have used the terms of cognitive psychology and cognitive science, such as
"knowledge representation”, "information flow", "working memory", "procedural memory", "perception”,
"attention” and "thinking" to refer to aspects of the cognitive activity which is distributed throughout the
complex cognitive system. It cannot be too strongly emphasised however that these "cognitive faculties"
are not simply naive externalisations of their internal counterparts but rather are radically different

phenomena and must be studied as such.

The study focussed on synchronous generation and organisation of ideas, as a component of the
collaborative writing task which was most predisposed to this cultural-cognitive approach. A model for
collaborative writing (and for other shared and individual conceptual activities) of a very different
character than the "classical" cognitive models of the writing process, is beginning to emerge. Instead of
focussing on the internal architecture of cognitive processes in the individual cogniser this cultural-
cognitive approach conceives of mutually supporting individuals and their cognitive artifacts more
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holistically. In such a model words like "generate” and "organise" are used to refer to writing activities,
rather than internal cognitive processes as they are in the Hayes and Flower model. The focus is on the
mediating representations and other cognitive artifacts the authors use, their closely synchronised modes
of communication, and the shared knowledge and intersubjectivity which permeates and binds the
complex cognitive system.

I have suggested that some activities may be best studied and considered in the context of collaborative
work as natural verbal protocols are produced and the interlocutor's interpretation of those protocols can
be used as a clue to their meaning by the researcher. But this cultural-cognitive ergonomics informs the
design of systems to support the activities of individuals as well as the activities of groups, as when an
individual works alone her cognition is mediated through artifacts which have their genesis in culture.
Important observations in the study reported here, which echo Tang's (1989) findings and those of the
Colab project (Bobrow, et al, 1990), were that gestural and drawing activity in the shared workspace are
closely coordinated with speech, and a fluent mix between drawing non-textual marks, textual marks and
gesturing is used in collaborative work. However, participants also reported that they commonly used
pencil and paper rather than their workstations when working alone to plan a text because of the
flexibility and immediacy afforded by conventional media. I would suggest that the properties required of
drawing spaces both in communication in collaborative work and in the support of individual creative
work are similar in this respect for similar reasons, as properties which are necessary for fluent
communication with others are often also necessary for fluent communication with the self. I have argued
that where individuals use external representations there is a dialectical relationship between the
individual mind and the representations through which cognition is mediated. Considering the drawing
space as forming part of a complex cognitive system we can see that drawing space activity must be
coordinated not only with speech (in collaborative work) but more generally with thought itself.

Though some systems that support single person authoring or collaborative ideas organising provide a
. hypertext-browser-like window for arranging and linking idea nodes (e.g. Sharples and O'Malley, 1988;
- Smith et al, 1986; Stefik, et al, 1987) these more constraining formal representations seem less expressive
than the mediating representations that conventional media such as pen and paper support. It may be that
a synchronous object oriented shared drawing space with a video channel which allows one interlocutor to
see where another is looking (e.g. the ROCOCO sketch pad of Clark and Scrivener, 1991) would support
more appropriate mediating representations for idea generating and organising. Such a drawing space,
with an underlying representation which allowed operations to be performed on the mediating
representations, might combine the expressiveness of conventional mediating representations with the
benefits of computer supported representations (low viscosity, ease of copying and rearranging, etc).
Ideally a system might be implemented in Wellner's (1991) DigitalDesk, which aims to seamlessly mix
conventional and electronic media by. projecting computer generated windows onto the desk-top and
recognising and reading paper which is placed on the desktop. In this system one can imagine that actual
pencil marks and projected electronic marks (drawn with a stylus) on a restaurant napkin could be linked
to nodes in a network, or marked parts of an outline, in sophisticated projected views on the desktop.
These ideas are more fully described elsewhere (Wood, 1992). In this paper I have used conceptual
authoring as an example activity within which to discuss a cultural-cognitive approach, but other writing
activities (such as editing, which is not generally done in close collaboration) may not have the same
requirements. :

Though we may sometimes be able to change internal cognitive processes through training we have more
control over the design of cultural artifacts. An understanding of internal cognitive processes can inform
system design through its implications for the external, but studying the activities of the complex
cognitive system formed by individuals or groups and their attendant artifacts may tell us more about the
part that cultural artifacts play in supporting thought and communication. Such an approach will tend to
use observation of activity in situ, or at least in naturalistic settings, together with interviewing, rather
than more formal psychological experimenting. Especially where a system being designed will replace
some existing system which is already embedded in its user's activity, context and culture, a cultural-
cognitive ergonomics which draws on the shared cognitive approaches outlined above may be more
informing of the design of that system than more cognitive approaches.
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Appendix: Key to microscopic transcriptions:

The microscopic transcription scheme used in this paper uses three columns. The leftmost column is a
detailed transcript of the participant's speech, mostly using the conventions of Conversation Analysis. The
rightmost column records the participant's gesturing and drawing activity in the shared workspace using a
choreographic notation. The central column is used to relate the other two columns. It is a list of gesturing’
and drawing events, enumerated with letters of the alphabet. (The bracketed numbers in this column show
the predominant mode of communication in which the event takes place - see section 6.) These
enumerating letters appear in the leftmost (speech) column, usually together with an underline which
shows where, in relation to the speech, the event occurs. These letters also appear in the rightmost column
in a circle at the location in the workspace at which the event takes place.

Speech: '~ Drawing and Gesture:

-bold emphasis (volume or intonation) @ pointer, letter indicating event, colour
indicating participant
> speech speeds up
T pen lifted up
< speech slows down

(...) pause (1 point = 0.1 seconds) l pen touched down

(.5) 0.5second pause
----- gestural movement near workspace

preceding sound lengthened
[ start of overlapping speech _ _ _ gestural movement touching
workspace
[] simultaneous onset of speech
= other participant interrupts ° emphasis (tap or jab)
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The interest in the notion of shared functional representation between the

operators in change of shift phase.
C. Grusenmeyer

Industrial Psychology and Ergonomics department
Systems ergonomics section

INRS, Nancy, France

ABSTRACT

The growing complexity of systems along with the increasing size and
diversity of tasks emphasize the problems of the division and coordination of
activities between operators. Thus studies on collective work are more and more
numerous. However, most of them are focussed on the cooperation between
operators with different abilities and a well-defined problem to solve. Seen from this
point of view, the change of shift seems to be a specific phase in collective work.
Generally, the operators have similar abilities. Their cooperation is not necessarily
determined by the fact that they must work together all the time and the pooling of
each person's cognitive resources is the real objective of this work phase. Within
this framework, the notion of shared functional representation between operators
would appear to be a perspective worth developing. This is the point we will try to
demonstrate in this paper. We will present two examples of analyses carried out
within a study of the change of shift phase. We will see to what extent these
analyses show that the lack of shared functional representation between operators can
contribute to a non-optimum shift change and which mechanisms can play a part in
such a situation.

1. Introduction

Increasing automation in most industrial sectors is accompanied by deep-rooted changes as much at
organisational level as in terms of operators’ tasks and activities.

This automation is characterised by (Neboit, 1990):

growing complexity of systems (numerous interactive variables, relatively long response time delays),
which assumes certain operational strategies and poses the problem of the operators' mental
representation : the necessity for the operator to represent the synchronisation of different
parametres and all the factors contributing to the evolution of a variable, of planning its activity
within important time delays, of estimating time, of making long-term inferences...(Alengry, 1988;
Samurgay and Hoc, 1989)

iati i i rations via man-machine interfaces. The thus transformed and
abstract information strongly activates the operators' cognitive functions: diagnostic and
anticipation activities, but also the effort of memorizing imposed by the sequential presentation of
this information (De Keyser, 1985); possibly even reconstruction or structuration activities due to a
loss of clarity in the process.
i nisati level. Tasks rigorously defined and attributed to a particular
job gradually incorporate an increase in the number of these tasks. The operator must work to a global
objective and he is given a wider range of less defined tasks. (Chabaud and De Terssac, 1989).
Systems collective management is, therefore, set up by the operators. Thus, the management
of the information flow between operators, the rapidity of its circulation and its reliability are crucial
for the system. Hence, the necessity for coordination, mutual understanding between operators, and the
pooling of eachother's cognitive resources (Chabaud and De Terssac 1989).
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The real world with which.the operator interacts is no longer limited to the task, to the interfaces or to
the process itself. In fact it is largely made up of interactions with other operators. It is without
doubt that these interactions can also create, question, modify or consolidate the operator's representations
and lead to certain strategies, know-how and a common language.

This last point shows the reasons for more and more numerous studies on collective work.

- However, most of them focus on the cooperation between operators with different abilities and of well-
defined problems to solve together (Navarro, 1991; Rogalsky, 1989; Chabaud and De Terssac, 1989).
Therefore, the operators must coordinate their activities, adapt to eachother and pool their cognitive
resources in order to create a common operational system of reference. (Chabaud and De Terssac, 1989)
Thus, cooperation consists of coordinating eachother's knowledge, dividing tasks and evaluating the
results obtained and the consequences in terms of workload. However, there is always one person
specialised in a specific task, upon which the operators previously agreed.

In this light, the shift changeover appears to be a specific phase in collective work.

Indeed, we would consider the shift changeover as a work phase whose aim is to prevent any break at

production level given the succession of teams working on the same process and which leads to a certain
number of specific work activities for these teams in view of an explicit or implicit cooperation.

Generally speaking, in this situation, the operators concerned possess similar skills and, contrary to the
previous situation, their cooperation does not necessarily involve everybody being present at the same
time. Furthermore, this type of cooperation does not only depend on the coordination of each person's
representation and the division of tasks between operators, but on the operators' cooperation to carry out
these tasks. On the other hand, this pooling does not fulfil the need to resolve a specific problem
collectively, as is the case in the majority of collective work situations. It is the objective itself of this
work phase. ' '

Thus, it seems that :
 the problem of the operators' functional representation is fundamental in these work situations and
- that the study of this is a necessary "detour" as much in the understanding of the operators'
functioning as in the proposal of ergonomic solutions ;
« but above all, the notion of shared representation (1) is a perspective worth developing within the
framework of collective management of processes and particularly in the case of shift changeover.

We can therefore illustrate shift changeover in the following way:

ACTIVITY OF THE OUTGOING OPERATOR ACTIVITY OF THE INCOMING OPERATOR
=
END OF SHIFT MEETING BEGINNING OF SHIFT Time
~—— e
—_—
SHIFT CHANGEOVER

In contrast to the current definition, in which shift changeover is conceived as the replacement of one
team by another in a continuous work process carried out by successive teams and taking only a very
short time. ‘

- (1) We shall call shared functional representation, the functional representation shared by two or more
operators during interaction.

104



END OF SHIFT BEGINNING OF SHIFT

l -

REPLACEMENT
(OR SHIFT CHANGEOVER)

Time

The shift changeover thus appears to be a situation requiring specific analysis because:

« it is a collective work situation: the two operators ( or shifts ) have a common objective, to run the
process, and must be able to carry out the same tasks ;

« this work phase is fundamentally interactive: exchanges, especially verbal exchanges aim at mutual
adaptation, cooperation and coordination in order to avoid any interruption in production ;

« the incoming operator needs to bring his representation of the process up to date. The outgoing
operator is in a position to convey to his collegues certain information linked to his own
representation of the process ;

. by its very nature and objectives, this phase calls for communication between shifts and for the
passing on of information, instructions, expectations, diagnoses and so on....;

« the fact that the incoming and outgoing operators share common tasks mean that their representations
should not differ too substantially ;

« shift changeover therefore calls for some shared knowledge and a common reference system which is
no doubt decisive.

Consequently, an analysis of the "shared functional representations” between operators or teams, at the
time of a shift changeover, could lead to a better understanding of this work phase and provide elements
for the developement of ergonomics solutions in order to optimise cooperation.

2. Method

The analysis of shift changeover in the context described above, ie. the analysis of functional
representations, brings to light the problem of accéss to representations, but this methological difficulty
is doubtlessly increased in the case of access to shared representations.

In most cases the question of functional representation in work has been tackled on an individual basis.
The usual methods of access to representations are fundamentally individual. The implicit idea is retained
that different "responses" are the manifestation of different representations. However, to our knowledge
nothing justifies the existence of a bi-univocal link between the operators' representations on the one
hand, and their know-how and their verbalizations on the other. Thus, differences in know-how and verbal
explanation do not necessarily indicate differences in functional representations.

We therefore need to have access to shared representations. However due to these fundamentally individual
methodologies, the notion of shared representation could well take on a very restrictive meaning: "shared
representations are identical or similar representations described separately by different persons” (Trognon
and Larrue, 1988).

We therefore assume that the analysis of spontaneous ( or evoked ) communications between operators is

an adequate methodological option, in so far as:

- communication is an observable " natural " manifestation (and integrated into the work itself) that
may give access to representations ;

- this option lies within a fundamentally interactive perspective ; common characteristics would be
inferred from the interactions between operators ;

- itis not limited to a methodological approach based essentially on individual data ;

- and moreover, communication plays "a decisive part in the comparison of experiences, the formation
and development of knowledge and the negociation of each operator's field of action” (Lacoste, 1983).

Furthermore, increasing the amount of data gathered and "confronting” it can constitute a "guarantee” in
terms of the validity of the representions infered. Consequently, the collection of this communication data
could be made in conjunction with other more individual means of access to the representations (for
example, verbal statements after completion of work and analysis of information gathering).
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Thus, we will consider that the only possible methodological option to gain access to shared
representation consists of interactive situations analysis. The analysis of communication is thus a means
of attaining this objective. The alternative options seem only to give us access to common
representations (that is to say identical representations produced individually by operators) and not shared
representations (whose particularity is to be created during interaction).

An analysis of shift changeover in the paper industry was carried out.
A method of analysing activities in the changeover phase was used and was specifically aimed at
analysing functional communications, the gathering of information and operator's actions in order to gain
access to their representation of the situation and the process.
The function concerned was that of machine conductor.
The midday shifts were recorded.

The following techniques were used:

* systematic on-site interviews and observations.
A work analysis of the outgoing operator was carried out for a period of one to one and a half hours
before a shift changeover with the aid of on-site observations.

» recording of communication between the operators at the time of shift changeover by means of a
micro-transceiver.

* systematic observations (using a video-camera), gathering of information and actions when two
operators meet and during the shift changeover.

 consecutive verbal explanations (verbalizations) when shown the video tape.

The paper machine on which the study was carried out, was chosen according to its degree of
computerisation, operation mode and the resulting organisation of the shift work.

Apart from the preliminary observations, 14 shift changes were analysed. 20 verbal reactions to video
tapes were obtained; these could not be systematically carried out with the outgoing conductor.

3. Results .

We will present three types of result:

Firstly the analysis is aimed at confirming the interest in this specific phase, in identifying the different
phases of the shift changeover and in presenting some descriptive quantative elements.

These results will not be presented in this paper (Grusenmeyer,1990; Grusenmeyer, Davillerd, Krawsky,
1992). However, we will bear the following two points in mind:

- It seemed essential to distinguish between different periods during this work phase, periods
corresponding to work demands and different objectives. _

* The end of the shift. The time when the outgoing conductor prepares to meet his successor, by
gathering information on the site and the man-machine interfaces. This is also the time when he
can plan the work he must do during his next shift.

e The arrival of the incoming operator. Period when he finds himself alone for a few minutes as his
colleague is not immediately available for the changeover. The operator then takes information
from the machine and the written documents in order to obtain a feedback of his previous day's
activity and to find out general elements concerning the functioning of the machine.

* The meeting characterized by a high rate of exchanges about the process, the work to be done, and
the whole production system allowing the update of the incoming operator's process state
representation and the facilitating the planning of the subsequent process operation.

* the taking up of the post aiming at an update of the process representation by the incoming
operator by means of direct information gathering on the process.

- in a very busy situation it can be seen that activities strictly connected to the shift changeover are
delayed or reduced. This allows immediate activities regarding the process driving to be focussed upon.
Consequently, in an incidental situation, a reduction in the amount of verbal exchanges at the time of
meetings is observed. In this case the operators work together to start the machine again. Similarly, a
longer shift changeover is observed in these situations. On the one hand, these are made up of
immediate activities to remedy the incidental situation, or in the case of changes in production,
recovery activities or dealing with the next order.
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- Systematic analysis of information gathering from the incoming conductors.
Summary of the 14 cases analysed :

Secondly, the gathering of information and the communication between operators was analysed in more
detail in order to understand how the operators proceed in updating their representation of the process.

~ This analysis concerns the activities of the incoming conductors at the time of taking up their shift. The
incoming conductors are, indeed, often alone for a few minutes before the actual meeting as the outgoing
conductor is not always immediately available to carry out the changeover.

This situation was interesting in so far as it was quasi-experimental as it permitted the understanding of
the conductors activities before any information was received. Consequently, such a situation enabled us
to really understand the incoming operators needs from the moment of his arrival at work. Obviously,
this is not possible, if on arrival, he communicates with his colleague. In this situation the exchanges
may, in fact, correspond less to the needs of the incoming operator than to the information the outgoing
conductor considers necessary to pass on.

The aim of this study was to observe this gathering of information and to understand how the operator
proceeds to take over the control of the process.

In order to analyse this, we noted for each of the situations observed, by means of video recordings, the
conductors' activities at the time of taking up the post and we compared them with the results obtained
regarding these same conductors during this period when they watched themselves on the video tape.

On the one hand, tables including the operators' activities and on the other hand, his remarks regarding the
activities carried out were created for each of the situations.

We later-constructed organigrams of the questions asked and the gathering of information from the
incoming operator at the time of taking up his post on the basis of this analysis. Different organigrams
were created according to the type of situation at the time of the changeover : normal working conditions,
production change or incidental situation. :

These organigrams show the questions asked by the incoming operator, his gathering of information in
order to answer these questions, the conditions observed, but also what the operator remembers as this
could be a source of information.

Finally an organigram was constructed grouping together all of the situations observed. (Cf. Figure 1).

These analyses enable us to distinguish two types of information gathering from the conductors during
that time. '

« information search in order to globally identify the production phase. This means that the operator has

to check if the machine is working, if he is dealing with the same order as the previous day, if a
change of production has been planned for the beginning of the shift.
This gathering of information is common to all the situations observed. The operators move within a
network of the systems conditions. There is therefore a global strategy common to all the conductors.
This would reinforce the existence of shared functional strategies, probably representative of shared
functional representations.

« the gathering of more circumstantial information linked to the type of situation encountered and
concerning the more precise variables of the machine's operation : for example, modifications in
functioning, quality of the paper obtained, the width of the product being manufactured ...

These gatherings of information are, contrary to the previous ones, specific to the production phase.
This means that the conductors have chosen a strategy adapted to the previously described situation,
from a group of possible information strategies.

Thus the controller has to take information from the production phase on his arrival at work, allowing
him to choose a information gathering strategy adapted to his own global situation representation : these
strategies for information searching being specific to the type of situation and each one more or less
clearly defined from eachother.

Furthermore, these results make additional information available. We have shown all the "routes” taken
by the operators on the 14 shift changeovers observed. The repetitiveness of the different information
gathering strategies is shown on the organigram by the thickness of the lines.

We can, thus, see that contrary to the first information searches, chosen strategies for information
gathering are not common to all of the operators observed once the production phase was totally
evaluated. Certain routes were used by only one conductor having a strategy different from the aim,
orientated towards paper quality for example. This is the case for information gatherings concerning the
quality of the paper at the present time, through checking the characteristics sheet.
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This organigram demonstrates different operators representations of different aims.
This means, therefore, that conductors have partial shared representations concerning the aims, and
consequently, different information gathering strategies at the time of taking over the job. These are not
fully common to all operators. However, this lack of global sharing regarding the ways of carrying out a
shift changeover and regarding the aim representations can cause a problem if the information supplied by
. the outgoing conductor to his incoming colleague does not correspond to the information the latter would
automatically gather, but to that which the outgoing operator, in keeping with his own aims, deems
necessary by putting himself in the incoming operator's situation.
The incoming operator, thus, risks having more difficulties in creating a representation of the situation
and the process as obtained information does not adequately correspond to the information he would like
to receive.

* . Analysis of the failure in transferring a malfunction diagnosis.

The third type of analysis concerns the detailed analysis of a shift changeover in the case of an incidental
situation. By comparing the systematic recording of a changeover with the two operators involved
watching themselves on video, we have been able to observe the failed transmission of a malfunction
diagnosis, meaning an absence of shared functional representation in the case of a given incident.

To better understand the situation we have tried to reconstruct all the events that occurred on the basis of
the morning's observation grids, the activities and exchanges of the two operators at the time of the
arrival of the incoming conductor and their meeting, the incoming conductor's activities at the time of
changeover and the two conductors watching themselves on vidco. The situation is as follows (Figure 2):

OUTGOING OPERATOR INCOMING OPERATOR

|T0 Time. |

- - Occurrence of paper breakage.

- The outgoing conductor puts forward hypothesis A, the
most frequent cause of breakage in this part of the
machine.

- To find out about this breakage he consults the screen.

- He starts the machine off again.

- New paper breakage in the same place

- This time the conductor can see no indication related to
this type of breakage when hypothesis A is cheked.

- He puts forward Hypothesis B concerning the origin of
the breakage based on the fault noticed during the
morning in the functioning of the machine.

- The conductor has two conflicting hypotheses, but
knowing that the element X at the origin of hypothesis A
probably needs to be replaced, he nevertheless decides to
change this element of the machine which willin any case

prevent any further breakages.
ﬁTZ time

- The outgoing conductor removes element X (Hypothesis | -

A). A

Arrival of the incoming conductor from the machine.

The conductor notices that there is a breakage when
taking direct information from the machine.

Thinking that his colleague is switching the machine
back on, he takes up his post.

In the absence of his colleague, the incoming conductor
thinks that the process is taking too long to be a simple
switching back on of the machine and he decides to go to
the place of the incident.
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|T3 time. |

- the outgoing conductor has removed the element X. The
element X needs to be replaced.

- The outgoing conductor tells his colleague that it is
necessary to change X.
- The two conductors fit element X'.

The incoming conductor sees that his colleague has
removed element X. As this element causes type A
breakages, he deduces that hypothesis A caused the
breakage, as this is one of the most frequent causes of
breakages in this part of the machine.

The incoming conductor is persuaded that X is at the
origin of the breakage (Hypothesis A).

He goes to find a replacement element X'.

|T4 time. I

- Shift changeover. The outgoing conductor then informs
his colleague about the two breakages and about his
decision. He fails to tell him about hypothesis B due to
the busy situation.

|T5 time. |

- The outgoing conductor leaves. He notes down the two
breakages in his machine notebook.

The incoming conductor is convinced that X is the source
of the two breakages.

His priority is to switch the machine back on which he
does immediately.

He does not consult the data, when the machine is
stopped, because he knows that this interferes with the
computer system.

On taking up his post, he does not look for further
information about breakages which have occurred.

We must remember that all this information is a summary of all the collected facts through observations
and operators watching themselves on vidco. All of these elements are factual, having been directly
observed or announced by the operators. It is, thus, a retranscription of observed elements during
recordings or the verbal explanations from vidco tapes.

During this situation, the outgoing and incoming conductors therefore have a partly different
representation of the cause of the breakages which occured at the end of the morning, and consequently of
the machine's functioning. Whilst the outgoing conductor envisages two conflicting hypotheses
regarding the cause of the breakages, the incoming conductor has only one hypothesis himself. Thus, the
outgoing conductor has a richer representation of the situation in comparison with that of the incoming
conductor.

Several elements contribute to this partially different representation on the part of the two conductors
regarding the events of the morning. These elements arc the following:

a. The two operators' different levels of information.

Firstly, the two operators have different levels of information. The outgoing conductor has
information that the incoming conductor does not have. Part of this concerns a malfunction
noticed in the morning in the running of the process. It is the outgoing conductor's knowledge of
this malfunction which allows him to put forward a second diagnosis regarding the incident which
occured. Knowledge of this malfunction is linked to the past history of the running of the process
in the long term, a past probably not known to the incoming conductor.

There is another type of information which is not available either to the incoming conductor. It is
the instant representation of the breakage and particularly the absence of an indication related to
this type of incident. It is this instant representation of the incident which will allow the outgoing
conductor to initially question his first diagnosis, and later to give a conflicting diagnosis linked to
his knowledge of a malfunction in the running of the process.

b Interpretation of the outgoing operator's behaviour by the incoming operator.

Secondly, the incoming operator interprets the situation according to his own knowledge of the
process and of the procedures to apply in certain situations. Indeed, on arriving on the site of the
incident, the conductor sees his outgoing collcague carrying out an action which is normally done
to remedy the incidental situation. The acknowlcdgement of this action combined with the
acknowledgement of an incident occuring at the end of a shift, contributes to the fact that the
incoming operator interprets this action as a remedial action to an incidental situation caused by
element X of the machine.

Therefore, he interprets his collcague's behaviour in terms of the incident remedial procedures he
remembers and in terms of his overall knowledge of the process. Firstly, he interprets the removal
of element X as the manifestation a recovery to an incidental situation; secondly, he knows, given
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his experience of the operation of the machine, that this element is the most frequent cause of
breakages in this part of the machine, and he comes to the corresponding hypothesis.

In this situation, two factors come into play. The first concerns the interpretation by the incoming
operator of his colleague's behaviour according to his own understanding of the process and of the
procedures to adopt in such a situation. The second is the very short exchanges relating to the
procedures to be adopted immediatcly and not to the origin of the breakage. This second element is
similar to that observed by Cuny (1967) and Savoyant (1977) in a repetitive situation, that is "the
reduction in verbal exchanges to the minimum necessary for the performance of a task,
information gathered on site replacing that provided by the language". In the present case, it seems
that it is less the repetitiveness of the situation than the experience of conductors in this type of
situation and their mutual understanding of eachother's way of working which leads to this "failed"
transmission diagnosis.

Thus, the incoming conductor interprets the situation in terms of the information gathered from
the work situation (notably his colleague's behaviour) and not by the means of exchanges with
him. Yet, the outgoing conductor had chosen to replace this machine part, not because this
corresponded to his diagnosis of the incidents that had occurred, but it enabled him to anticipate
future breakdowns caused by wear and tear on this part of the machine. The incoming conductor
thus interprets his colleague's bchaviour not as an anticipation activity as is the case here, but
rather as a means of remedying the incidental situation which has just occurred. He thercfore
interprets the situation through his understanding of his collcague's behaviour.

() Overload.

The third element contributing to the explanation of the reason for the incoming conductor
knowing less than the outgoing conductor is the fact that the latter fails to inform his colleague of
the morning's malfunction due to the loaded situation. This is what the outgoing conductor
explains when watching the video tape of himsclf. In rcality, an analysis of the information
provided by the outgoing conductor to his collcague at the time of shift changeover shows that the
former does not focus on the diagnosis of the incidents, but on what he has done. Thus the
incoming conductor will interpret this information as a diagnosis concerning the origin of the
breakdown and not as a description of the work done.

d Productivity / reliability conflict.
Finally, a fourth element will reinforce the situation. The incoming conductor's priority is to start
the machine again. He thcrefore concentrates on this task. Morcover he docs not consult the
history file neither immediately nor later, knowing that, with the machine stopped, it would
interfere with the computer system. The conductor concentrates on production and checks neither
the reliability of his information nor the diagnosis he made.

In this situation, the shared representation is partial. The sharing takes place at a general level which
relates more to the general knowledge of the most common brecakdown diagnoses than to a specific
representation of the breakdown which has just occurred. The sharing which takes place at this
representation level does not appear to be sufficicnt as the incoming conductor does not have as complete
arepresentation of the machine as the outgoing conductor's.

4. Conclusion

This analysis brings several factors to light contributing to the establishment of a partly erroneous

representation of the incidents by the incoming conductor:

- some information is no longer availablc ;

- the outgoing conductor seeks information and analyses the situation in terms of elements coming
from his workplace and not from verbal exchanges with his colleague. These exchanges are minimum
and only relate to the immediate tasks to be carricd out.

- the outgoing conductor focuses his exchanges on the work he has carried out and not on the diagnosis
of the the situation.

- the incoming conductor cannot consult the history filc straight away.

Taking these analyses as examples and not gencralisations, they do cnable us however to bring to light a
certain number of mechanisms Icading (o a non optimum shift changcover. Thus they form a basis first
for propose different hypotheses to be experimentally tested and for ergonomic recommendations for
companies.
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Moreover they emphasize the importance of shared functional representations between operators at the
time of shift changeover.

An increase in the number of such analyses should in the future, allow a better understanding of the
cooperation processes and of the possible risks duc to a sharing of knowledge which could be weak or too
strong between successive operators.

Furthermore, these analyses show- that it is possible to study representations shared by operators by
comparing the conductors' activities with their reactions to video recordings of themselves. The
establishment of a partial shared functional representation which led to a failure in the transmission of an
incident diagnosis has been brought to light thanks to a systematic analysis of activities, actions, and
operators' verbal exchanges and comments about their activitics.
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ABSTRACT

This paper concerns the needs of users of telecommunication services. In particular, it
concerns human users accessing telecommunication services via terminals, to realise their
goals, such as co-operative distributed working, or interpersonal communication. A design
method is described which incorporates design principles, and which aims to improve end-
user service integration. A case history in the design of a cooperative multimedia
multiauthor document production system is given.

1.0 Introduction

This paper concerns the needs of users of Integrated Broadband Communication (IBC) services. In
particular, it concerns human users accessing telecommunication services via terminals, to realise their
godls, such as co-operative distributed working, or interpersonal communication. A service can be defined
as a facility which is provided to a user, and the user obtains a service by interacting with a service

provider.

The GUIDANCE project (see acknowledgements) has developed principles which can assist the designer in
improving end-user service integration and the usability of services. These design principles are applied
within a design method, which GUIDANCE has incorporated into a software tool (see Terrins-Rudge, 1992).

This paper focuses in particular on how an IBC designer should use the design principles and the method
and illustrates these ideas with a worked example of the design of a system to support simple group editing
and communication tasks. This illustration is based on a prototype cooperative document production
system designed by the project, and which has acted as a vehicle for the development and the testing of the
principles and the method.

1.1 IBC and End-User Service Integration

In a typical current office an office worker might use on a daily basis a number of services, including:
telephone; fax machine; a remote database; wordprocessor; spreadsheet, and so on. With IBC technology,
all these services (along with many others) will be delivered to users at the same physical terminal, since
the various technologies will be integrated in the same network. However, although the physical problems
of moving between and accessing separate items of equipment will largely disappear in IBC systems, the
mental problems of learning, conceptualising and recalling how to use services will not disappear, and may
even be compounded by an increasingly large number and variety of services becoming available. Users
will almost certainly be faced with service integration problems affecting ease of use, such as: variations in
the semantics of input device events; inconsistent screen layout conventions; confusion between operating
procedures; incompatibilities between the representations of objects; and differences between representations
to support collaborative working. Each of these integration problems will tend to have a negative effect on
the ease of use of the set of services. This effect might manifest itself in various ways, for example,
increases in learning times, or in data input times, or in command language syntax errors, or in user
dissatisfaction, and so on.
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2.0 Two criteria of usability

The analysis of usability requirements for IBC begins with the concept of a network of users (humans or
machines) which are connected by communication channels. This network as a whole has the function of
supporting the achievement of an application goal. Figure 1 shows an example network description for a
co-operative authoring scenario that has been used as a test-bed by the GUIDANCE project, multimedia
multiauthored document production, or MMMADP. This example will be used throughout this paper to
illustrate the use of the GUIDANCE method and design principles.

author 2
human to human
. conversational ’ terminal 2

human to human send H ‘ ﬁ

human hum%nin
to machine rlsnere Toal
tgl;xmmilnan conversational conversational
conversational \ /
human
human to to machine'
h;lé;lgn retrieve document
object tohrlrlxr:cal?ine
/ database retrieve
human
to machine
conversational
¢ / human to human T
e — conversational

terminal 3 human to human send
author 3

Figure 1: An Example Network for Multimedia Multiauthored Document Production (MMMADP)

Each communication channel illustrated in Figure 1 can represent one or more services, and each service
may involve more than one service provider. Usability engineering takes the perspective of the human user
within such a network. The human user will have certain goal tasks which they must accomplish in co-
operation with other users (humans or machines), with which they must interact via communication
services. To achieve these goals, the user will require particular combinations of services. These
combinations will vary between different tasks, and also between different instances of the same task.

GUIDANCE has proposed a distinction between two types of task that must be performed. There are tasks
by which the users intend to move closer to their goal (goal tasks), and there are also tasks which create or
modify the system to bring it into a state which enables the user to execute their goal tasks. In IBC, these
enabling tasks include accessing and modifying services, by interacting with service providers.

Goal tasks and enabling tasks are distinct in a number of ways. Since usability engineering focuses on
design for a human communicating entity, the goal tasks are those for which the human is the agent.
Enabling tasks, by contrast, could be allocated to any part of the system. In fact a system is more usable if
these tasks do not have the user as the agent, but rather have them allocated to a machine entity.

Another way of looking at this is to say that whereas goal tasks are what the user wants to do, enabling
tasks are what the user has to do, given their goal tasks. Enabling tasks can therefore be derived from an
analysis of the preconditions for goal tasks, that is, from an analysis of the enabling states of the IBC
system. The enabling state of a system is one which allows the user to perform their goal task.
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In line with this analysis a usable IBC system:
« ensures that the appropriate enabling states exist for each of the users’ goal tasks
« reduces to a minimum the costs to the user in reaching the appropriate enabling states for their
goal tasks

The GUIDANCE method assists designers of IBC systems in meeting these criteria, and in improving
end-user service integration, by providing design principles which are applied at appropriate points in the
design method. Denley et al (1992) have suggested that design principles are a useful way of helping
designers solve part of the IBC service integration problem provided that they are seen an adjunct to other
design techniques. This approach has been taken in the GUIDANCE project where principles are an integral
part of the design method developed on the project.

2.1 Twelve Usability Design Principles

Principles can be classed along a dimension of generality. For example, a generic principle might be applied
across a range of IBC work domains, whilst a specific principle might only be applied to a particular work
domain. Principles with varying degrees of generality between these two extremes are also possible.

The research strategy employed has been to develop specific principles in the context of MMMADP and
then to ‘generify’ them to other IBC domains. Some 150 specific principles have been identified during the
design of the MMMADP system and these have been classified within a broad generic set developed froma
survey and review of over 300 design recommendations (see Esgate et al, 1990). The following list
presents these 12 principles with short, non-technical descriptions, followed by a detailed description for
Coherence. Examples of MMMADP principles are given in Section 2.2.

Compatibility: The user should be able to use knowledge they have gained from outside the system.

Coherence: The user should be able to generalise their experience from parts within the system to
' other parts within the system.

Simplicity: The number and complexity of necessary actions should be reduced to a minimum.

Redundancy: The user should be provided with summary information in several ways.

Salience: Critical information should be presented to the user in a sufficiently intrusive way.

Transparency: Information about tasks which can be performed, as well as about the states of the
machine, should be stated unambiguously and clearly.

Completeness: Information about tasks which can be performed, as well as about states of the
machine, should be complete in such a way that all options are presented
simultaneously.

Support orientation: If the information to be presented is too complex or covers more than is
possible to present at one time, the user should be helped to find the relevant
information by giving them support in orientation.

Feedback: The user should be informed about the consequences of their actions.

Reversibility:  The user should be able to restore pre-existing states of the machine.

Controllability: The user should be able to control actions of the machine.

Flexibility: The user should be able to choose the modalities of their task performance with
respect to the input media available and the experience they have.

Coherence
Definition

The user should be able to generalise their experience across different parts of the system.
Rationale

This allows the user to use already existing knowledge, and reduces the memory load of the user.
Detailed information

Coherence, with respect to integration of services, is to be understood as enabling the user to predict the

range of possible machine states across the different services by using knowledge from a known service.
Coherence, with respect to hypermedia, leads to the design specification to offer all media in all
applications and allows the user to use the same set of commands in all these applications.
Coherence, with respect to CSCW, has the consequence that all users should be able transfer their existing
knowledge to other parts of the system. For example, commands should have the same meaning across
applications and across users (team-members).
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2.2 Defining the principles

The expression of the GUIDANCE design principles relates together users, their tasks, service
environments, desired task product quality and cost (e.g. cognitive load) with a system description.
Figure 2 gives an example of the relationship between these parameters and the design prescription with
its associated rationale.

IF the taskis to gain an overview of all members of the workgroup, objects and functions
available to plan and carry out actions

AND the users are a limited number of co-operatively working multi-media authors and
editors creating/modifying objects and exchanging messages

AND the service environment supports graphical representation of information

AND performance should be not slower or more error prone than if working in an open plan
office

THEN APPLY PRINCIPLES OF:

a) COMPATIBILITY
b) SIMPLICITY

a) COMPATIBILITY

THEN Layout: use an open plan office model: (all members of the workgroup, objects and
tools represented at the same time)

Interactions: similar interactions/actions possible as in an open plan office
BECAUSE: the users can recruit existing knowledge about open plan offices to plan and carry out

actions

b) SIMPLICITY

THEN Layout: distinct and easily understood display for objects, persons and functions
available

ECAUSE: an unambiguous overview should reduce user memory load

Figure 2: Examples of Specific MMMADP Principles

These specific principles are restricted to tasks related to multimedia document production, users who are
authors (multiple and distributed) and machines running integrated services to support document
preparation. Both the conditions and the prescriptions of the principles are closely tied to components of
the method.

For example, the conditions reflect possible values specified in the specification tables of the method. As
the designer fills in a specification table a number of values for a particular parameter may be suggested.
The selection of these parameter values influences the presentation of appropriate principles in support of
necessary design decisions. For instance, if the designer specifies an audio/video editing task then relevant
principles for such a task may be accessed if required. These principles’ prescriptions would provide
recommendations for the completion of particular ‘slots’ in the specification tables, and would reflect the
design decisions required for those tables. The prescriptions applying to functional software design are
expressed in terms of conceptual/semantic design (e.g. how domain concepts are represented by the
system), whereas the prescriptions applying to physical software design are expressed in terms of lower
level design decisions such as dialogues, interactions, layouts and device considerations.
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2.3 Meeting the First Usability Criterion

In considering the first criterion we need to define more precisely what is meant by an enabling state. An
enabling state describes the preconditions for a goal task. A goal task is conducted by a particular user on a
particular object. The task may require the support of a service in order to be executed. Therefore, an
enabling state description consists of a three tuple:

Enabling State=(User, Service Relationship, Objects)

where:

User = required characteristics of the user, e.g. knowledge, attention
Object= required characteristics of the object, e.g. ‘file available’,
Service Relationship = the interface between the user and the object.

Design principles which aim to assist the designer in meeting this first criterion will therefore need to
provide recommendations concerning all three components of an enabling state.

For instance, the enabling state will describe the state of the user that is required for them to execute their

- goal task. If there is a mismatch between the required user characteristics described by the enabling states
description and the actual user characteristics then a principle can be applied which suggest a solution to
this problem. For example, a principle might recommend help pages or training to provide the user with
the knowledge necessary to execute their task.

Similarly, a principle may provide recommendations about an object of a goal task. An obvious example
in telecommunications is that a user who wishes to talk to another person needs that person (the object of
their task) to be alert and receptive. This state of alertness could be created by an enabling task conducted
by the system, such as making their phone ring, or could be conducted by the user saying “excuse me”.
The design recommendation in this case would concern that object state which is conducive to the goal task
to be performed.

The service relationship is a crucial part of the enabling state description. The service relationship is
similar to the concept of a user-interface used in the design of stand-alone computers. However, for a
distributed system of communicating entities sharing tasks, the interface between a user and an object
becomes more complex, as described below, and the term service relationship is therefore preferred.

Four basic service relationships are proposed. They are generated by considering the user’s goal task actions
and the goal task object. The action and the object are subdivided according to the following criterion:

“Does the Service Relationship require a model of either the action or the object?”

If the Service Relationship contains a model of the user’s actions then that action is said to be interpreted.
This type of Service Relationship is shown in Figure 3.

User Action

User .
Interpretation

Object

Service Relationship

Figure 3: A Service Relationship Containing a Model of User Actions

If the Service Relationship contains a model of an object then that object is said to be represented. This
type of Service Relationship is shown in Figure 4.
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Object

Service Relationship

Figure 4: A Service Relationship Containing a Model of Goal Objects

Although the presence of any Service Relationship means that the user’s task actions are indirect, since
their input requires an input device, this does not necessarily imply interpretation. Thus spoken words in a
telephone are not normally interpreted in the Service Relationship, and text input via a keyboard to a
database is not normally interpreted in the Service Relationship. Of course, both may be interpreted by the
goal task object. This schema provides four kinds of Service Relationships, as shown in Figure 5.

Goal Task Object
unrepresented represented
1. e.g. real time human to 3. e.g. voice activated

User's uninterpreted human conversation using database retrieval

audio/video
Goal

: 2. e.g. human to human 4. e.g. graphical/text editing

Task interpreted conversation using text to using a mouse

speech synthesis for a

dumb person

- Figure 5: Examples of the four basic service relationships

Meeting the first usability criterion, therefore, requires guidance concerning the service relationship.
Design principles can provide recommendations about service attributes (e.g. media and media quality) and
about the representation of objects and the interpretation of task actions. Figure 6 summarises the types of
principles applied for the four different service relationships.

Goal Task Object
unrepresented represented
1. Service Attribute 3. Object Representation
User's uninterpreted Principles (task and Principles;
object). Service Attribute
Goal Principles (task only).
2. User Principles; 4. User Principles;
Task interpreted Service Attribute Object Representation
Principles (object only). Principles

Figure 6: Principles applied to the four basic service relationships

In case 1, principles provide recommendations about the service attributes of the service in question. These
may concern, for example, the characteristics of the channel and might include the video and voice qualities
needed to enable a conversation.

In case 2, principles provide recommendations concerning the mapping of the user’s actions to the model.
For example, a flexibility principle might recommend that users should be able to perform tasks in
different ways, for example with different input media. Additionally, because the task action is interpreted
no channel descriptions are necessary for the action but may be provided, however, for the object.
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In case 3, principles provide recommendations concerning the mapping of the object to the model. For
example, the representation of a goal object should be compatible with the user’s experience, and so a
compatibility principle might recommend that a text file might be represented as a small page of text.
Additionally, because the object is represented no channel descriptions are necessary for the object but may
be provided, however, for the actions.

“In case 4, principles provide recommendations concerning the mapping of the user’s actions to the model
and the mapping of the object to the model. There will be no prescriptions concerning channels.

Meeting the first usability criterion, then, involves the use by the designer of a number of different types
of principles. Further examples of all these principles are given in Section 4.

2.4 Meeting the Second Usability Criterion

Design advice can also be given on the second criterion, concerning the costs for the user which are
associated with acquiring an enabling state.

Different types of user costs can be interpreted with respect to the twelve generic usability design
principles. For example, each of the twelve generic principles can be interpreted with respect to mental
cognitive costs. An example of mental cognitive costs is the cognitive workload for the user associated
with presentation of multiple sources of complex information. A compatibility principle recommends that
such information should be structured and presented to the user in such a way that the user can use their
existing knowledge from outside the system to locate appropriate information and establish its relationship
to other information sources. Similarly, a salience principle recommends that critical information should
be clearly identifiable, whilst reversibility suggests that users should be able to reverse their action thus
bringing the worksystem back to its former state.

Another aspect to reducing the users costs concerns the decision of who (or what) does the enabling task.
For this reason, there are also principles which give advice about the function allocation between user
and machine. One overall aim is the system property of simplicity, which says that the actions that the
user has to perform should be reduced to a minimum. Other important function allocation principles are
controllability which recommends that the user should be allocated control over critical system functions,
and flexibility which recognises that there is not always a single best way for operating a worksystem and
recommends that where performance varies with organisational contingencies there should be flexible
allocation such that a function can be performed either by the machine, the user or by both.

2.5 Principles and Service Integration

So far we have discussed how design principles provide design recommendations that assist the IBC
designer in meeting the two criteria for a usable system. That is, the principles provide prescriptive advice
concerning the three-tuple of users, service relationships and objects which comprise the enabling states
description, and also provide prescriptive advice concerning the acquisition of an enabling state, via the
enabling tasks.

Recent GUIDANCE publications (Whitefield et al 1992, Denley et al 1992) have suggested that lack of
integration between services may seriously affect the uptake of IBC systems. End-users will still face
problems caused by , and these problems may make the integrated systems usability even worse than
existing independent services. A major aim of the design principles proposed by GUIDANCE is to help the
designer overcome the problems of service integration.

In effect, then, GUIDANCE has delivered two sets of interelated principles: service integration principles and
non-integration principles. Obviously, both types of principles have important roles in promoting the
usability of IBC systems and services.

Integration principles address the interactions or interleaving of the end-users goal tasks. For instance,
taking a medical example, a radiologist seeking expert advice from a remote expert may wish to retrieve
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patient information including x-rays, stored as image or text files in a remote database and send these to the
remote expert whilst continuing to communicate using a multimedia conferencing service. Obviously,
there is an interleaving between the goal tasks communicating with a colleague and retrieving and sending
files, which may cause service integration problems for the end-user. For instance, the usability of these
services will be reduced if there are inconsistent screen layout conventions (e.g. different positions for
common buttons in screens or windows for different services); or if there is confusion between operating
procedures (e.g. similar database services may require very different access commands depending upon where
they are physically stored).

Service integration principles assist the designer in solving such integration problems between services.
Section 3 illustrates where and how the different types of principles described above are used in the IBC

system design process.

3.0 Using Service Integration Principles in Design: A Simplified Case History

3.1 A Multimedia Conferencing Scenario

Consider a Computer Supported Cooperative Work (CSCW) task that would be quite typical within an
IBC environment: the creation of a multimedia virtual document by several authors located at different
sites. An example of a subtask within this might be that two experienced authors have to agree and to
implement changes to a section of the document within a few hours. This would involve the authors in
planning the required changes between them, in making particular changes, in commenting on the other's
changes, and so on. These are the activities that will achieve their goal of revising the document section.
To carry out this subtask, the authors will use telecommunication services, and the services they use will
vary as they proceed through the subtask. Despite the fact that the authors are not directly interested in the
services themselves, they will have to carry out a number of activities to be able to use the services; for
example, setting up a videotelephone link, accessing databases, establishing an electronic mail link, the
authors to achieve their goals, but they do not themselves achieve the goals.

The specific scenario used here takes a snapshot of the group authoring task to illustrate how the
interleaving of tasks affects the design through the application of principles. Imagine that two remote
authors wish to discuss and edit a video document that is stored on the document object database. Section 4
works through the design of the services to support two of the tasks the authors would have to carry out,
and demonstrates the importance of the principles in the design. The two tasks considered are:

* Human to human conversation: the authors discuss proposed changes to the video clip

* Human to machine conversation where the authors use a remote video editor

The following illustration is a simplified example, which although based on a real design, is used for
illustrative purposes only, and the details of the specification method itself have been omitted. The purpose
of this illustration is primarily to show how design principles influence the design of services. Readers
interested in the design method are referred to Whitefield et al (1992), and the GUIDANCE Position Paper
(1992).

3.2 Four Design Stages Resulting In End-User Operational Requirements

There are a number of stages in the design of any IBC system such as the multimedia telephony service
described above. These stages are based on two perspectives of the system to be designed: the customer
(application level) perspective and the human communicating entity perspective. The customer is external
10 a system, and a human communicating entity is internal to the system. Obviously any individual could
have one or both roles. Both these perspectives are concerned with identifying the operational requirements
of the system to be designed. We are only concerned here with the network design from the human
communicating entity perspective, and readers interested in the customer perspective are referred to Byerley
and Bruins, 1992,
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The GUIDANCE project has developed a method for the design of IBC systems from the perspective of the
human communicating entity. Prior to software design there are four stages to the GUIDANCE design
process:

Stage 1 = Analysis of task usage context.

Stage 2 = Analysis of users’ goal tasks

Stage 3 = Analysis of required enabling states for the users’ goal tasks

Stage 4 = Analysis of the required enabling tasks which create these states

Stages one and two, the analysis of the usage context and the users’ goals tasks, provide a description of
the need for communication, i.e. the requirements for communication for particular tasks rather than the
specific features of the services that will allow these communications to occur. Stages three and four, the
enabling states description and the enabling tasks description, describe the service attributes needed to
support the communication tasks described. The output of all four stages is a set of operational
requirements which form the basis of the software design.

The usability engineer begins the design by breaking down of the user’s goal tasks into smaller subtasks.
. The goal task breakdown is continued until the tasks require only one kind of service relationship. For each
of the subtasks an enabling state description is then made in terms of user, service relationship and object.

Following this stage, service integration issues can be considered by examining the task sequences. If two
or more subtasks are to be allowed to interleave, for example, then the integration of their enabling states
must be designed. This means that the two enabling states must be integrated and a third integrated
enabling state description produced.

Thus, service integration issues are treated after the initial enabling states analysis of the separate subtasks,
by forming task combinations and examining the resulting sets of service relationships, and that this
process results in an integrated enabling states description for the interleaving tasks. Figure 7 shows the
relationship of each type of principles to this design process:

Non-Integration Principles Integration Principles

Hl Within each Enabling State: .

- Service Attribute Principles Between Enabling States:

E —=— User Action Interpretation Principles === Service Integration principles
Task Object Representation Principles ~ conceming goal task interleaving.

User Principles

Object Principles

Within each Enabling Task: Between Enabling Tasks:

~-g—= Minimising cost principles == Service Integration principles
Function Allocation Principles concerning enabling task interleaving
Within each Generic Interface Object:  Between Generic Interface Objects:
Design Rationale === Principles concerning system wide
aspects, e.g. coherence

Figure 7: The identification of service integration principles within the GUIDANCE methodology
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3.3 Stage 1: The Usage Context

The goal of this stage is to describe the need for communication rather than the recommendations for the
services that would allow this communication. The specification table expresses the aims of the system to
be designed and the context in which it will operate, e.g. the work to be performed and the characteristics of
the users and the their organisation. The usage context description should include the following parameters:

Users: more than one, simultaneous, either gender, adult, at least average intelligence, sharing European
cultural norms, working in the area of holiday industry and/or document production, experienced in the use
of interactive computer work systems.

Work goal: to have a multimedia document which allows holiday makers to select a suitable holiday.

Work domain: transformations of control information (e.g. comments, plans),transformations of
document elements to form a complete document (i.e. assembly and (some) editing of pre-existing
elements into a document, but no creation of those elements).

Performance parameters: task quality, human and machine resource costs (i.e. time, number of errors,
effort, cognitive demands,...)

System: could include all possible IBC services, in any combinations, operating in standard office
environments.

Organisation: a large travel agency or tour operator,physically distributed, with democratic management
style, and hierarchic management (one person has final responsibility for the document).

Service Environment: multimedia videotelephony, and a multi media document database. These
service environment assumptions are provided at the application level analysis and should include
the Reference for User Services diagram shown in Figure 1 above.

3.4 Stage 2: The Goal Task Analysis

The aim of this stage is to produce a description of the goal tasks the user wants to carry out. The result of
this goal analysis stage of the GUIDANCE Design Method is a breakdown of the major goal of the work
system (ie human end-users, and other communicating entities such as machines, databases, terminals etc)
into goal task hierarchy, and a description of the objects that are transformed or created in performing these
tasks. It is important that at this stage the task descriptions remain technology independent, i.e. the task
breakdown should, in principle, be implementable on any available technological or service configurations.
Decisions concerning technology are taken when specifying the enabling states for each goal task.

construct document
generate evaluate communicate
document document document

generate  8C€MCMAC  aqceg5  comment on
content links  document document

communicate communicate
. . content m
remieve  edit comn 1unicat§num
content content Jind
retrieve  edit
links links

Figure 8: Goal Hierarchy for high level goal tasks ‘Construct Document’.
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There is no goal task Create Link/Content shown in Figure 8 because, for the sake of simplicity, we have
made the assumption that the authors are not concerned with creating the document data (e.g. filming the
video clips), but merely in their collation and editing. Each of the highlighted goal tasks above (i.e. those
important to our simplified example) is described with a specification table. These tables contain the
information that describes what should be achieved by the task, with any constraints that might affect the
way in which it is done.

3.5 Stage 3: The Enabling States Analysis

An enabling state describes the state of the work system: what knowledge and processing skills the Users
must have; the characteristics of the service relationship, and the state that the objects must be in. Each of
two goal tasks highlighted above must have an enabling state. This is the first point where design
principles can be applied. The designer must take four steps to describe an enabling state:

1) Describe the states of the users for the goal task, and apply any User principles that are appropriate

2) Specify the characteristics of the service relationship for each goal task, and apply any Service
Attribute principles, User Action Interpretation principles or Task Object Representation principles
that are appropriate

3) Describe the states of the objects for each goal task, and apply any Object principles that are
appropriate

4) Consider any interleaving of goal tasks, apply any service integration principles that are appropriate,
and then provide an integrated enabling states description for the interleaved tasks.

Step 1: Describe the User for Each Goal Task

The purpose of this step is to describe the required user characteristics for a given enabling state. If there
is a discrepancy between the required characteristics described by the enabling states description and the
actual user characteristics then a principle can be applied which suggest a solution to this problem.
Example principles are given below. This step also describes the required enabling tasks that produce the
enabling state. These enabling tasks are then described in Table 5 (see Section 3.6). Table 1 gives an
example of a user description. ;

The User Description
User Description
The user has to know how to start and end communication
The user has to know how the recipient will receive the image of the user
The user has to be able to change between services
The user has to be able to determine and control quality of the communication
The user has to be aware of incoming calls
User Principles:
Compatibility :
IF the task is to communicate with other persons in the workgroup
AND  users already have knowledge of team working in an open plan office
AND the service environment supports graphical display of objects
AND the performance should minimise users’ affective costs, e.g. frustration
THEN Apply principle of compatibility:
The user should be made aware of all members of the workgroup, their
presence/absence and their relationships
BECAUSE (rationale) This will allow users to exploit existing knowledge about office
work, and the work environment with respect to the availability of persons and the
actions which may be performed on these persons.
Enabling Tasks for the User Description
Start/end call
Obtain/adjust selfview
Change service
Control quality of the communication
Call alert
Allow hold, resume and forward call
References: Enabling Tasks and Goal Actions, which are included in the GIOs

Table 1: An example User Description for the Enabling State Comments Communicable
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Step 2: Specify the characteristics of the service relationship for each goal task

Once the IBC designer has described the user the next step is to describe the service relationships for each
of the goal tasks identified in the scenario description. The application of principles will contribute to the
designer’s overall rationale for the design of these enabling states, and the principles themselves are
described with respect to this rationale in the service relationship description. When specifying the service
relationship the designer will also access non-integration principles concerning service attributes, user
action interpretation and task object representations appropriate to this service relationship (see Figure 7).
Table 2 gives an example of a service relationship description.

Enabling State 1 - Comments Communicable
Description: The user can communicate with a recipient directly via a face-to-face videophone.
Source: Communicate comments
Principles applied to this rationale:
Service Relationship: uninterpreted/unrepresented
Service Attributes:
Involved Entities: user, workstation, recipient
Communication Type: Human-Human Conversation
Channel characteristics:
Information Content: Head and shoulders view of the participants and their voices are
transmitted
Service Components: Audio and video service components are required. The audio
component must be mandatory, the video service component may be optional
Synchronization requirements: Lip synchronization is required for the combination of audio
and video service components
Format Preservation: Not required for audio and video service components, compression
acceptable
Quality of Audio Service Component: Low quality. i.e. comparable to standard telephone
Quality of Video Service Component: Standard video quality (4:3 aspect ratio, 625 lines,
120 000 pixel, 20-40 Mbit/s peak bit rate) comparable with NTSC, PAL or
SECAM standard resolution TV quality
Quality of Service: Adequate quality of loudness, brightness, contrast.
Service Attribute Principles:
IF  audio and moving images are provided simultaneously (videotelephony conversation)
THEN audio transfer rate is <64 Kbit/s and standard moving image quality is required.

IF  audio only is provided
THEN quality is always voice (3.1 - 7 kHz)

Enabling Tasks for the Service Relationship
Establish synchronous transmission
Establish service compression
Establish low quality audio
Establish standard quality video
Determine quality of service

References: Enabling Tasks and Goal Actions, which are included in the GIOs

Table 2: An Example Service Relationship Description for the Enabling State Comments Communicable

Step 3 - Describe The Object for Each Goal Task

In common with the user description discussed above, the purpose of this step is to describe the required
object characteristics for a given enabling state. If there is a discrepancy between the required characteristics
described by the enabling states description and the actual object characteristics then a principle can be
applied which suggest a solution to this problem. Example principles are given below. This step also
describes the required enabling tasks that produce the enabling state. These enabling tasks are then described
in Table 5 (see Section 3.6). Table 3 gives an example object description.
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The Object Description
Object (Document)
The object has to be indicated
The object’s availability (non-availability) has to be indicated
Object attributes should be changeable
Object version should be changeable
Object Principles:
Controllability :
IF  thetask is to edit existing document objects
AND users can specify attributes of existing objects, and already have knowledge of team
working in an open plan office
AND the service environment supports graphical display of objects
AND the performance should minimise users’ affective costs, e.g. frustration, annoyance
THEN Apply principle of controllability:
only allow users to change essential attributes (e.g. privacy) of objects which they
have created or have been given control of by another author
BECAUSE (rationale) editing of objects for users engaged in collaborative tasks should be
a negotiated or managed process.
Enabling Tasks for the Object
Indicate object
Indicate availability of object e.g. busy dialogue
Change object attributes, e.g.privacy
Version control
References: Enabling Tasks and Goal Actions, which are included in the GIOs

- Table 3: An Example Object Description for the Enabling State Contents Editable

Step 4: The Interleaving of goal tasks and the Integrated Enabling States Description

Whilst describing an enabling states designers will need to consider what types of technology are available
and appropriate for the goal tasks identified. This information is available from the application level
description (i.e. from the customers perspective). This information becomes particularly pertinent when
there is potential interaction between goal tasks, and hence between services. The service environments for
the two goal tasks of communicate comments and edit contents are:

» areal time, point to point, videotelephony service

« a multimedia document object database and multimedia editing tools

With the two goal tasks of communicate comments and edit contents there are two interleaving
relationships important to our simplified example:
» Users want to discuss the editing of a video object whilst carrying out these editing changes in real
time (i.e. interleaving between editing and communication tasks).
« Both users want to edit the same video object (i.e. interleaving between editing tasks).

For each of these two possible goal task relationships there are service integration principles that influence
how the IBC designer describes their enabling states. Two examples of these integration principles are
given below. The information for the service environment descriptions included in these principles is drawn
from the Reference for User Services description described in the analysis of usage context.
IF  the task involves human to human communication and human to machine conversation
performed congruently
AND there are at least two users
AND the service environment supports audio and video communication and includes a multimedia
editors
AND the performance depends on both tasks being carried out simultaneously
THEN Apply principles of salience:
ensure that the primary service component does not interfere with the secondary service
component (e.g. mute a non-primary video service component or mute a non-primary audio
component).
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BECAUSE (rationale) machine should assist users in focusing on primary tasks and allow use
other input/output modalities for secondary tasks (e.g. when editing a video document users
can utilise a free audio channel for conversational tasks).

IF  the task involves human to machine conversation and human to machine conversation (e.g.
joint editing)

AND there are at least two users

AND the service environment includes a multimedia object database and multimedia editors

AND the performance should be quick and error free

THEN Apply principle of controllability:
allow only one user to edit the object, and allow the editing user to specify whether his/her
actions will be visible on the workstation of the second user

BECAUESE (rationale) users engaged in collaborative tasks should be able to control what is being
presented to other users to ensure privacy

Integration principles, then, provide usability recommendations to the designer which will influence the
design of the enabling states for the two goal tasks of communication and editing which have been
identified as potentially interleaving. Next the designer must design an integrated enabling state to describe
the interleaved tasks.

If two or more subtasks are to be allowed to interleave then the integration of their enabling states must be
designed. This means that the two enabling states must be combined and a third integrated enabling state
description produced. This description will allow any modifications to the individual enabling states
descriptions to be highlighted and any influences on software design to be considered. Table 4 gives an
example of a integrated enabling states description.

Integrated Enabling State: Communicate Using Videotelephony and Edit Document
Description: The user can communicate with a recipient directly via a face to face videophone
call and retrieve and jointly edit multimedia documents simultaneously
Sources: Comments Communicable and Contents Editable (Enabling States 1 and 2)
Description of the User
See Enabling States 1 and 2
Integrated Service Relationship :

Interactions and Modifications to Individual Service Relationships: There are two service
relationships in this enabling states description. Multimedia objects are presented
simultaneously with the presentation of video images of the recipient. As
simultaneous, multiple video outputs will distract the users from their primary tasks
one of the video outputs is set to pause. Simultaneous audio conversation is
permitted.

Simultaneous joint editing is not permitted, but co-workers can hand over control of the
editing tool. Hand-over should be negotiated and controlled by user currently using
the tool. The visibility of user actions to the co-worker is allowed, but should be
controlled by user currently using the tool.

Description of the Objects
There are two objects: People and Document objects. See Enabling States 1 and 2.
Enabling Tasks for the Integrated Service Relationship

Inform users of machine actions (e.g. video freeze)

Allow user override of machine actions if desired

Make editing actions visible/invisible to co-worker

Hand over editing to co-worker

References: Enabling Tasks and Goal Actions, which are included in the GIOs

Table 4: An Integrated Enabling State for Communicate Using Videotelephony and Edit Document
3.6 Stage 4: The Enabling Task Analysis

In describing the users, the service relationship and the objects the designer will have identified a number of
enabling tasks which have to be carried out in order for users to reach the appropriate enabling states for
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their goal tasks. Stage 4 of the GUIDANCE design method describes these enabling tasks and applies
principles which help the designer meet the second usability criterion and reduce to a minimum the costs to
the user in reaching the appropriate enabling states for their goal tasks. The principles applied at this stage
are concerned with user costs and function allocation (see Section 2.4).

As with goal tasks, there may be an interleaving between enabling tasks, and the designer may refer to
* integration principles for assistance in the specification of the respective GIOs. For example, in this
simple case history there is a potential interleaving between the enabling tasks of ‘adjust self view’ and
‘place object at convenient place on screen’. Cognitive costs (e.g. workload) to the user because of this
potential interleaving can be alleviated by allocating to the machine the task of placing the object
conveniently so that there are no overlaps between the videophone window and the window containing the
object. Enabling tasks integration principles assist the designer in making decisions of this type.

Table 5 gives an example of an enabling tasks description identified during the enabling states analysis are
given below. ‘Identify recipient’ is an example of an enabling task allocated only to the machine, and
contains a function allocation principle which makes this reccommendation.

Enabling Task : Identify Recipient
Description: This enabling task relates to the user description of the Enabling State
Comments Communicable and supports automatic dialling of recipients for face to face
communication.
Class Relations:None
Usage Aspects:
Allocation: machine
Allocation Principles:
Simplicity:
IF thetask is to identify the recipient of a call
AND users are limited in number and have knowledge of other users and their roles
AND the service environment has knowledge concerning the availability of recipients and
their locations
AND the performance should minimise users’ cognitive and physical costs
THEN Apply principle of simplicity:
design the user interface to support the rapid selection of the limited set of user
numbers (addresses) without the use of a dialling keypad
BECAUSE (rationale) the restricted number of communicants makes number dialling
unnecessary
Design Aspects
Functional Requirements
The user should be able to be perform a call by clicking on a person icon and the
RTCS icon in any order.
rati Regquir,
Machine dialogues should confirm status of call and service attributes
References: GIOs Person Icons, RTCS Icon, Call Confirmation Dialogue

Table 5: An Example of an Enabling Tasks Deséription for ‘Identify Recipient’

4.0 Software Design Using the Enabling States Approach

The completion of the design stages so far results in a complete description of the tasks which must be
performed by the work system, including those tasks which are not directly related to the overall goal and
which may vary from design to design. All design decisions that result from the user requirements have
now been made. The next step is to begin the specification of the work system software.

The final layer in the GUIDANCE Design Method produces specifications of the appearance of the Generic
Interface Objects (GIOs) required to satisfy the operational requirements described in the previous layer,
together with the actions that they respond to, and their behaviour. This is done largely by collecting
together the information specified in the earlier tables. Where this information is not sufficient to identify
one particular design option or feature of a GIO, then either that feature is not directly relevant to the
usability of the system or no definitive advice can be derived from the user requirements and principles. In
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this case the GIO specification table will reflect the design decisions made by the software implementation
team.

In the specification method GIOs which are to be used in reaching a particular enabling state are clustered
into a View for that state, together with the objects which must be present to provide the service
relationship defined in that enabling state. All interface objects that are likely to be used together (or in
close sequence) and the consequent interaction behaviours are gathered together.

Figure 9 shows the how the design principles that were used in the specification of enabling states and
enabling tasks influence the design of GIOs, and shows the relevant parameters of the GIO specification

table.

Generic
Interface
Object

Service Integration Pretasks Enabling Task
Information Integration Information
and
Interleaving
Task Representation
Information

Event

[Object Representation
and
Object Information

Effects

Function Allocation
and Cost Information

User Information
Actor

it o

Figure 9: The flow of information derived from the application of principles into the design of GIOs

GIOs which are used within different services may interact if these services are used simultaneously, and
service integration principles, therefore, provide information about task interleaving and the usability of
different services which may affect GIO design. Similarly, enabling task integration principles serve the
same function with respect to the enabling tasks the user has to perform on a given set of GIOs when
using simultaneous services.

Task action interpretation principles help the designer in representing task actions on a given GIO and are
applied to the ‘event’ slot in the GIO specification table. For example, principles might recommend
different cursor shapes to indicate appropriate task actions. Task object representation principles and object
principles influence the design of the ‘effect’ slot which describes how objects are represented. This may
concern, for example, icon and dialogue design. User principles, function allocation principles and cost
principles apply to the ‘actor’ slot in the specification table and make recommendations concerning which
communicating entity should perform a particular action and why. The software implementation team may
use software libraries to ensure consistency between GIO components such as widgets.

In summary, the use of principles throughout the design process encourages designers to consider issues of

service integration and service usability by pointing out pitfalls that a designer might fall into and guides
them towards options that have empirical evidence as to their usability.
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5.0 Discussion: Principles Result in Integrated Services

The classification of design principles within the enabling states design method provides an integrated
approach to IBC design which encourages designers to think about the design of systems from the users’
perspective and provides support to IBC designers in solving the problem of IBC service integration and
service usability.

“The close linking of the principles and the design method offers the designer assistance in identifying the
appropriate principles for a given stage in the design process, and provides a schema which can support the
development of principles. Future work will integrate usability guidelines from other RACE projects and
our own empirical work into the schema. Thus, principles can be grouped according to their role within the
IBC development process, with resulting improvements in applicability and availability of design
information. By structuring the design sequence so that relevant information is made available at the
appropriate point, so that related information is kept together within tables, and so that tables follow a
common schema, the task of design is made more manageable, and the likelihood that the designers will be
able to make use of the information that is available to them is increased. Communication between
individual designers and separate design teams is enhanced by the simple formalism provided by the
_specification tables, and so groups working on individual services can have more confidence that their
designs will remain integrated. Finally, the classification schema encourages designers to use the principles
as a checklist or rationale for the design decisions they have made.
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Abstract

In this paper, which summarizes a preliminary study in an
ongoing research project, we look at cooperation as
demonstrated in the process of performing mechanical
design engineering projects. This is a work situation in
which people, often with knowledge and competence from
separate technological fields, are required to cooperate. We
give a background for how such cooperation could be
described and we present a frame of reference for this
purpose. The theoretical bases are derived from general
problem solving theory and from general coordination
theory. The frame of reference is used in describing
empirical data obtained in an interview study of five
projects in mechanical design engineering. Finally, we
present some points for discussion, tentatively pertaining to
computer supported cooperative work.

1. Introduction and aim of the paper

The increasing interest in designing computer support for cooperative work has ledtoa
corresponding profusion of interest in cooperative work as such. Cooperation is, as
everyone knows, essential in performing most of what can be termed prof essional work.
At the same time, it may be observed that cooperation sometimes may be difficult to
achieve. So, the question arises as to how people who are engaged in a common work
project manage the given - or, as it were, emerging - needs for cognitive cooperation.

In this study (which forms a more or less preliminary part of an intended, longer research
project) we look at cooperation as demonstrated in the process of performing mechanical
design engineering projects. The aim of the study was to establish a frame of reference,
or taxonomy, that could be used for the description and analysis of design engineering as
a group problem solving process, possibly with some - future - perspective on using
information technology as a cooperative tool (although computer assistance is not a main
theme in this study).

The paper contains a description of the theoretical considerations, the frame of reference
and also some summaries of findings in a small empirical investigation.

2. Theoretical bases and the frame of reference

The theoretical bases take their point of departure from descriptions of design

engineering, from a general problem solving theory and from a developing theory of
coordination.
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2.1. Design engineering as a cognitive process

The design engineering process has been studied by several researchers, mostly from
technological, more or less normative, aspects. Some of these are mainly inierested in the
organisational or economical aspects, others (and it is these that interest us in this context)
are concerned with the question "What is the job of the design engineer?" (e.g. Pahl &
Beitz, 1984, and Suh, 1988). Although the researchers differ from each other as to terms,
models and specific points of view, consensus prevails as to the basic properties of the
design process, which perhaps could be summarized in the following general points.

1. Design engineering is a process involving problem solving. It proceeds from receiving
initial information (requirement specification) to the final realisation of a, more or less
complex, technical object that is possible to manufacture and sell.

2. The process proceeds through several stages, or phases, e.g. an oscillation between
"analysis" and "synthesis" (Suh, 1988). As such, the process is often cyclical, i.e. it
involves iterations, in that a certain moment or stage may have to be repeated until a
satisfactory solution is reached.

3. The process is also one of "knowledge turnover": The design engineer has to apply his
professional knowledge to the problem at hand, but the resulting product provides, in its
turn, a source for developing new knowledge.

4. More often than not the design is a product of several design engineers - with various
kinds of knowledge and experience - working together in larger or smaller groups.

These very simple and general observations, which, in fact, can be readily made by
anyone who is even superficially acquainted with engineering, thus form the outset of our
approach. (It should be noted that our purpose with the following considerations is not to
add another theoretical description of the design engineering process per se!)

2.2 Problem solving theory

A purely descriptive approach to the study of the design engineering process is presented
by David Ullman and his associates (Ullman, Dietterich & Stauffer, 1988). What makes
this approach interesting to us is that it is very closely related to (and inspired by)
cognitive problem solving theory. Ullman has studied design engineers' problem solving
by means of "think-aloud"-technique while they were solving experimental design
problems. Ullman’s set of analysis concepts was based on Newell & Simon's account of
Human Problem Solving (Newell & Simon, 1972). Briefly, the latter theory assumes
that problem solving can be described as a search in a problem space. This means that,
first, the problem has to be understood, which equals "creating a problem space”.
Then, alternative ways of moving around in the problem space (i.e. performing different
operations) are tested, which is equivalent to "searching the problem space"”. The search
presents difficulties when the problem space cannot be surveyed. In such a case,
different operations have to be performed, without knowing their effects, the results of
these have to be assessed and further operations have to be chosen on basis of the effects.
Ullman's analysis attempts at describing the mechanical design process as such ( at the
individual level) in problem solving terms.

In order to assess and in some way emphasize the design problem solving as a sequential

process over time, we found it, for our purpose, potentially useful to add a few "steps” to
the two step "create/search” model (Table 1).
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Table 1. A Model of Individual Problem Solving

Phase Processes
Orientation towards Envisage goal,
relevant Envisage possibilities information
restrictions Prerequisites for finding problem spaces
Creation of Describe initial situation
problem space Envisage operations which can change
states
Describe current goal
Search in Testing of alternative operations/methods
problem space solutions
Judgment of effects
Decision on operation
Re-creation of When one problem space does not seem to
problem space lead towards the goal, other problem spaces

are sought. New descriptions of situation,
goal and operations are thereby attempted.

Finishing Compare resuit to goal
Test result

2.3 Coordination theory

It should be noted that the description in Table 1 applies to individual problem solving.
For our purpose we have, in addition, to consider how cooperation during problem
solving can be described. Here is where "coordination theory” enters into the picture.

Coordination theory is concerned with prerequisites for, modes for, and results of
cooperative work in general. We have here used concepts from the (proposed) outlines of
coordination theory recently developed by Thomas Malone (Malone & Crowston, 1990,
1991). These authors suggest that cooperation can be described in terms of four levels:

1: Coordination. At this level, the actors select a goal and decide who will perform
which kind of activity (definition of common goal; task and resource allocation).

2: Decision making. At this level the members of the group decide on the common goals
to be achieved, the alternatives being considered, the evaluations of these alternatives and
the choices that are made.

3: Communication. Here the actors have to establish a common language and transport
their messages to each other in this language.

4:; Common Object. In order to establish the common language the actors have to

perceive common objects, such as physical objects in a shared situation, or - as it were -
information in a shared database.
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The essential trait of this model is that the "levels" are inclusive: the performance at any
one level requires that adequate instances of performance at the "lower" levels are at hand
(analogous to abstraction levels in other systems, such as protocol layers for network
communications). This means, thus, that coordination requires group decision making,
that group decision making requires communication, and that communication requires
common objects.

Social science researchers have often found that people experience difficulties in
cooperating, with consequent poor performance of the group as a whole. The perfor-
mance of a group is sometimes not as efficient as is the sum of the individual participants'
performance (see e.g. Forsyth, 1990). The causes of such a deterioration of performance
can be manifold. Some are related to group dynamic processes, such as group pressure
and social loafing. Other causes may be related to such difficulties in cognitive processes
that could be accounted for by referring to coordination theory. Some considerations:

At the most complex level, coordination, group participants may find it difficult to
coordinate their own individual cognitive goals into a common group goal. The result is
coordination problems in allocating tasks and agreeing upon how to use scarce resources
(in time and, perhaps, money). At the next "lower” level, common decision making,
studies in the field of small-group social psychology have shown that people have
difficulties in agreeing upon alternatives and arriving at a joint decision. What purely
cognitive factors are involved here is, however, not easily determined (motivational and
group dynamic factors problably play a very important part in group decision making).
At the communication level, there may be difficulties in establishing the necessary
common language. Other difficulties related to communication may concern current
"information overflow". In almost any kind of workplace today, there is a continuous
flow of papers and discussions. It could be that the participants of a working group do
not know how to sort out the information that is relevant to their work; similarly, it could
be that when they, in their turn, have to inform others, their information "drowns". At
the common object level, finally, difficulties may arise in such cases as when the object
is vaguely defined at the outset. In extreme cases, the "common object" can even be
lacking from the beginning, so there will be nothing to communicate on.

24 A frame of reference for studying cooperative problem solving in
design engineering

Using the "dimensions" accounted for above, we created a provisional assessment model
in order to obtain a reasonable and manageable structure for the analysis of - the quite
voluminous - information collected in the interview study to be described below. This
was done by cross-classifying the problem-solving phases and the coordination levels, as
represented in Table 2. In this table, we have added an individual level in order to cover
the whole design process.
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Table 2. A frame of reference for cooperative problem solving

Cooperation

level

Coordination

~Common
decision
making

Communica-
tion

....................

Orientation

Coordinate
comprehension
of:

Goals

- Restrictions

Possibilities

Decide alter-
native goals
Decide valid
restrictions/
possibilities

Discuss
understanding
of functional
goal/restric-
tions/possibi-

-lities

Description of
the functional
goal

....................

requirement
information

Problem

Creation
of problem
space

Define over-all
goal

Find methods
Allocate tasks

Decide on

problem space/
design concept/

Discuss
problem space/
design concept

Seek/exchange
information

on physieal
goal/restric-
tions/possibi-
lities
Description of
the design
concept’s main
traits

....................

concept for
task/subtask

solving

Searching
in problem
space

Allocate tasks

Coordinate
search

Decide

method/
evaluate out-
come/decide
next step

Discuss design
details

Description of
alternative
solutions,
methods
physical object
Test different
detail solutions
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phase

Re-creation
of problem
space

Revise concept
for group

Decide
whether

of not to re-
create concept
Decide what
might be
changed

Discuss alter-
native concepis

Description of

alternative con-
cepts/previous

designs

Change indivi-
dual problem
space/ concepts

Finish

Find that total
gaal
is achieved

Decide

that

a problem

is solved
satisfactorily

Discuss if
product

meets require-
ments

Perception of
the end result/
object

....................

Find that indi
vidual task
goal is
reached



3. The interview study

Five mechanical design engineering projects in different fields were studied. Each project
involved two to five design engineers, mostly in the mechanical field but also in
electronics. The projects varied as to scope and complexity, but were all finished or
nearly so. The projects were chosen so that a core group of people was engaged in the
project, and so that it was possible to conceive the project as a whole (albeit it might be a
part of a still bigger whole). The objects to be designed were: a hull for a missile sight
device, a tank mine, an impregnation barrel for high-voltage cable, a vegetable cutting
machine for catering service, and an automatic device for tightening and sealing acetylene
gas flasks.

All participants in the projects' "core" design engineering groups were interviewed by
means of semi-structured interviews, where they were asked to describe the course of the
project.

The interviews were taped and written down in extenso, from which excerpts (around
230) were made and classified into the "cells" of Table 2. The analysis showed that this
frame of reference could be used to describe most of the contents of the interviews,
although a few "cells" of the cross-classification remained empty (but not
contraindicated).

In this paper we will give an account of the results which pertain to the frame of
reference suggested. Other types of results will be covered in another paper. Due to
ethical reasons, we cannot identify which comments and experiences that refer to which
project. We have chosen the sub-headings according to the "problem solving
dimension". For space reasons, the five "cooperation levels" are referred to in
continuous text, using italics: coordination , decision, communication, common object,
individual level.

3.1 Orientation

This is the "briefing", where design project participants get the necessary basic
information for starting their work. Here the requirement specification plays an important
role (although it differed very much in scope and detail between the projects). As to
coordination in this step, it seems to serve the purpose of getting the project members
aware of the functional prerequisites for the whole project. The decisions in orientation
are - in our material, which entirely refers to customer-ordered design projects - mostly
taken by the customer’s representative. Also communication takes to a great extent place
with the customer. The common object seems to be the "req-spec". Individually we have
some instances where a designer felt a need for obtaining additional information on his
own.

3.2 Creating the problem space

Here is where a general basic concept for the design solution is created. In our projects, it
seemed quite common that one single person (the project leader, the head design
engineer, or even the customer representative) played a central role. In coordination, the
theme was generally one of assigning sub-problems to the group members according to
their competence and their interests. The project leader was, of course, central, but also
group members had their saying. At the decision level no explicit indications were found;
it seems plausible that coordination and decision making could merge in this phase.
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Communication in problem space creation was evidently essential; rather strong
expressions are sometimes used by the interviewees: "brainstorming”, "hellofa fiddling
around", etc. The common object is probably mostly still the "req-spec”, or, perhaps,
some already existing earlier designs. Our information shows quite clearly that even if
the common concept is clear, it leaves a lot of problem space creating left for the
individual design engineer. "You know what the thing should do, what it has to
perform, but you don’t know what it can look like" is a prevailing comment.

3.3 Searching in the problem space

During this phase the thinking work proceeds - for the group as well as for the individual
design engineers - with the aim of detailing the design object(s). As to coordination, the
main task seems to concern a) observing that time limitations and deadlines are held, and
b) seeing that organisational and other external circumstances are met with. Decisions
seem, in our material, mainly to concern priorities for the suggested solutions, i.e.
checking off procedures against results. The decisions are made partly by the project
leader, partly by means of group consensus, depending on the importance level. Some
decisions are made by the customer (suggestions from the project group may have to be
approved by him, even in detail). There is no doubt that communication is very intense in
the problem space search, most so within the group, but also between the group and
external agents, such as representatives for manufacturing departments. Shapes of
details, materials, physical interfaces between objects and so on are put under debate.
Most of the communication is informal (which the interviewees generally considered the
most rewarding), but also more formal meetings occur. In what could be termed search,
few common objects are mentioned, except for some cases in which two design
engineers work with parts that have to fit together mechanically. Individual problem
space search is not frequently accounted for, as the interviews were not directed towards
individual problem solving.

3.4 Re-creation of problem space

In problem solving it is inevitable to encounter "dead-ends". Sometimes it is possible to
proceed within the same problem space, through getting back to an earlier cognitive step.
Sometimes, however, the whole problem space has to be reconstructed, i.e. "re-created".
This could be expected to occur in complex tasks such as design engineering. According
to our material, such re-creation of the whole design project is rare at the coordination
level (preliminary project studies and pre-prototyping are activities intended for
preventing just that). But needs for re-creation involving coordination may arise due to
changes in external requirements or to new information coming up during the work. Also
here, time and cost seem to be important parameters. Our material gives scarce
information on common decisions in this respect; decisions are perhaps mostly taken by
project leaders or executives at higher levels. Communication may be intense in re-
creation cases, but it is in our material difficult to distinguish between "group" and
"individual" backtracks. The methods for solutions seem to be two: meetings as needed
(sometimes referred to as "storm-meetings" or "disaster meetings") and seeking advice
outside the group. No excerpts contain anything that could be classified solely at the
common object level (quite understandably). The most frequent excerpts concerning
problem space re-creation are those that can be referred to the individual level. "Doing the
thing over again”, "rethink", "go back to the beginning" are typical wordings. But some
designers also emphasize the necessity of preventing re-creation needs by careful
planning at the outset, trying to foresee what can happen. Time plays a certain role here;
type quotation : " It’s important that you get enough time in the beginning to think it
through and try to imagine all possible problems that may pop up. For later, it may be
almost impossible to change yourself. If once you have chosen a concept and worked on
it that much, it’s difficult to change, you're locked up."
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3.5 Finishing the problem solving

As to coordination, our material only indicates that it is confined to the project leader (or
design engineering executive) judging that some project members have done their job and
assigning them to other tasks. Decisions are - for our projects - mostly taken outside the
group, by the customer or by the company board. Project group communication in the
finishing phase is not mentioned in the excerpts. The common object is the designed
product, or prototype: "When you see the thing, and see that it works, then you know it’s
finished." As to the individual level it seems clear that the design engineering process
consists not of gne but of several problem spaces, since everyone has several tasks to
perform during the project. Criteria for the judgement of when a part problem is solved
differ according to the design engineer’s task and technological field. It is, however,
rather striking that several interviewees hint that one, technologically, in fact pever is
finished with a solution; there are always details that could be made better. But time and
circumstances control: "there’s always a deadline", "when time is out and there are just a
few small and unimportant details left that somebody else could do as well".

4. Some points for discussion

As has been pointed out above, our study was a preliminary one, and the results can, of
course, not be taken as the basis of any attempts for generalisation. (For one thing, the
"one-point" interviews give insufficient information on temporal sequences of the design
process.) It seems, however, that our frame of reference was suitable for organizing data
into a picture where strengths as well as weaknesses of cooperation during design
problem solving are indicated. So, for instance, the requirements specifications may be
crucial, (essential as they should be, as they constitute the initial "common object") and
cause trouble, or time delay, if they are too vague and proving not helpful for finding
design concepts or for testing the final design. On the other hand, too detailed
specifications may be experienced as constraining to the design group creativity.

That communication, within the group, or with outside agents of different kinds, is
intense and important in problem space creation and search is clearly demonstrated (as
could be expected). The exchange of knowledge with other people may very well be the
essence of design engineering projects. Communication, however, is many-faceted, and
formalized communication involving many people may be experienced as inefficient by
the project group participants.

Our investigation has not been directed towards computer based cooperation toois. It is,
though, interesting to note that no interviewees mentioned the use of CAD as a
cooperative medium, although most of them used CAD for their individual work. (One
mentioned the advantage of mailing CAD diskettes to the customer.) Further exploration
is needed in order to see the cause of disregard of this potential for a common object, and
for communication.

For the formal decisions which have to take place, formal decision making support might
be tested, i.a. since it was found that traditional formal meetings sometimes were
considered inefficient.

Communication media were not relevant in these situations, since almost all designers

worked physically close to each other. However, some comments about the difficulty of
getting information in time from other departments (such as manufacturing or tool design)
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indicate that physical distance (as well as differences in expertise) might affect the
possibility to cooperate.

Computerized systems for group coordination do not seem to be useful in projects such
as the ones studied here, where only a few participants are involved, and where there
usually is a closely and immediately available project leader to take the responsibility of
coordination and managing the project.

Our future work will be concerned with more details regarding communication. Also,
more projects will be investigated in order to find factors that can affect the outcome of
cooperative problem solving.
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1 Introduction

Increasingly within organizations the nature of the problems to be solved require the work of teams of individuals
with different training, vision and mandates®. These intra-group differences lead to identifiable and recurrent sorts of
conflicts. These include conflicts over: goals; allocation of resources; roles; and judgements as to what constitutes an

optimal solution to the problem at hand?®.

In this paper we argue that conflicts like these, which arise in the context of cooperative work, can successfully and
appropriately be resolved through collaborative negotiation. In support of this argument we will first set out a prescriptive
theory of collaborative negotiation. Next we will present NegotiationLens, a tool which allows parties involved in conflict
resolution to work through the process described by our theory. We will then present two simple cases in which the tool
was successfully used. We will conclude by presenting a case study of a large design project. The conflicts which arose
in this project were analogous to the conflicts in the simple negotiations and so we will use the case study to argue for
the utility of NegotiationLens in complex situations across problem domains.

2 A Theory of Collaborative Negotiation

In this section we present a prescriptive theory of negotiation which we assert can be useful in large collaborative
projects like the design project described in Section 4. That is, the theory is intended to move groups, like the collegial
but diverse groups typically involved in large projects, away from an impasse and back into a collaborative relationship.
This is accomplished by having the groups make explicit their needs and resources and then allowing them to jointly
construct mutually acceptable solutions. This has the effect of solidifying and improving existing working relationships.

The underpinnings of our theory derive from theoretical and empirical work on negotiation which has accumulated over
the last decade (Susskind & Cruikshank, 87; Brockner & Rubin, 85; Sycara, 85 & in press; Simpson, 85; Kolodner,
Simpson & Sycara, 85; Pruitt & Rubin, 86; Raiffa, 82; Fisher & Uri, 81; Fisher & Brown, 88; Kolb, 83; Adelson, 91 &
91a; Adelson & Jordan, in press). We begin with a description of the theory. We then describe the tool which grows out
of the theory and provide two examples of its use. Because the examples are analogous to the design-domain conflicts
described in the case study presented in Section 4, these examples will be used in that section as models for potential

resolutions.

1. Making Needs Explicit
In this part of the negotiation the parties are asked to state what they need in order to reach a successful resolution
of the situation. Part of this process includes: i. Making implicit desires explicit. This allows both sides to better
understand their own needs and the needs of the other party. ii. Providing explanations as to the importance of

! This work was made possible by a Henry Rutgers Research Fellowship from Rutgers University; and by the generous resources provided
by Tom Malone at MIT’s Center for Coordination Science. We also thank MIT’s Muse Consortium for their collegial support.
3For a more extensive treatment of intra-group conflicts see Adelson & Jordan in press; Malone & Crowston, 1991; Crowston, 1990.
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each need. This allows each party to feel that the other has well-motivated rather than simply arbitrary needs. iii.
Developing objective criteria concerning the legitimacy of each need. This will aid both parties in deciding which
positions or parts of their positions are reasonable as they work towards a resolution.

. Making Resources Explicit

Here the parties state what they can offer each other in their collaborative endeavor. This stage makes clear the
boundaries of the situation. Additionally, it can make each party feel that the other is making a good-faith effort.

. Matching Interests to Resources

This is a process by which the parties look for opportunities for mutual gain. But, the discovery of these opportu-
nities has in practice been markedly difficult. However, in the course of developing our software we have developed
a way of increasing the likelihood of noticing these opportunities. That is, in our version of the theory the parties
systematically compare a given need against the currently listed resources. This process is illustrated in Section 3.1,

example 1.

. Developing Joint Solutions :

Here the parties are encouraged to: i. Initially develop a variety of solutions which might accommodate the needs of
both sides equally; and ii. Iterate through this process by evaluating emerging solutions until a mutually agreeable
one is found. (See point 6 and Section 3, point 5.)

. Developing Alternatives

In addition to developing possible negotiated solutions the parties are asked to individually examine their alter-
natives to working together. This serves several functions. When good alternatives to working together do exist,
knowing these alternatives can increase the parties confidence in their own resources, allowing them to approach
the negotiation with a mind-set which has been found, perhaps counter-intuitively, to foster flexibility (Adelson &
Jordan, in press). However, it can also allow the parties to quickly decide that the current collaboration should be
abandoned. As mentioned above, the interesting point here is that this kind of determination, when made early on
often preserves the collaborative relationship, allowing future joint efforts to succeed.

In the case where good alternatives are not found, it can increase the parties commitment to the negotiation process,
thereby motivating the parties to construct a joint solution.

. Respecting the Other Side

A central part of this theoretical framework is that it asks the parties to commit to respecting each other. Part of
this respect entails having the parties to make their needs, resources and rationales explicit. It also takes the form
of having the parties treat the needs of the other side as seriously as if they were their own and so manifests itself
in the development of mutually beneficial alternatives. Additionally it means the parties not only commit to the
negotiation as a whole but also to the agreements which result. ‘

The example of the visiting researcher, described in Section 3.1 is a good illustration of parties acting with com-
mitment and respect.

NegotiationLens: The System Embodying the Theory

We begin by giving the reader an overview of the experience of users when they engage in conflict resolution with
NegotiationLens. At the level of the facilities provided for users: NegotiationLens provides a sort of spread sheet for
keeping track of the state of the negotiation. It gives the parties appropriate workspaces at appropriate times. Futher,
it allows users to make clear dependencies among related pieces information. The tool purposely does not make any
decisions for the parties since one motivation of the work is to have the parties develop and internalize negotiation skill.

At a deeper level, in the process of using the tool, the two (or more) parties jointly build a solution by considering the
needs as well as the resources which they bring to the table. Additionally, they are encouraged to move into collaborative
positions because they are allowed to back off from any initial unilaterally proposed solutions as they are prompted
through the stages listed here. In this way the system truly does embody the theoretical framework described in the last
section. Steps 1 and 2 above map onto step 3 here. Step 4 above maps on to step 4 here and step 5 above maps on to
step 5 here.
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The Visiting Researcher Case Study (Section 3.1)

Figure 1: Needs and Resources with Decision-Making Information Shown

. Problem Statement: Both parties begin by separately creating a statement of the problem as they see it.

. Initial Solution: Both parties separately propose an initial solution which is satisfying to their side. It has been

found that this step ultimately allows the parties to move out of inflexible starting positions (Brockner & Rubin, 85;
Pruitt & Rubin, 86; Susskind & Cruikshank, 87). A party strongly committed to an initial position frequently needs
to be able to state a solution that accommodates that position in order to feel it has been heard and considered.

. Underlying Needs and Resources: Based on their ‘Problem Statement’, rather than on their ‘Initial Solution’, the

parties now jointly construct a list of what they believe needs to be done and what resources they are willing to
contribute in order to obtain the optimal design. Additionally each party can weight the importance of each of the
needs they have listed. (The use of the weights is discussed in conjunction with point 5 below.)

. Collaborating: Matching Needs to Resources The parties then jointly construct a new solution by matching the

resources against the needs. As mentioned above, systematic matching is critical both in discovering a successful
solution and in increasing a sense of collaboration between the parties. The systematic matching process is facilitated
by the system’s grouping of needs separately from the resources (But see footnote 3).

It is the matching process that uncovers the previously non-obvious ways in which the parties can help each other
(see Section 3.1).

3 Iterating:

If the parties feel dissatisfied with the newly developed solution, NegotiationLens provides them with a means for
understanding the source(s) of their dissatisfaction. The parties can now look back at how important they believed
each need was to them at the time it was listed. (The two right most columns in Figure 1 show the Needs and
Resources list along with who entered each need and how important it seemed at the time.) The parties can also now
enter a number in the “satisfied/utilized” column (Figure 1, third column from right) to indicate how well each
need is being satisfied by the current proposal and how well each resource is being taken advantage of. Additionally,
selecting the regroup option on the menu bar in Figure 1 allows the parties to request that the needs and resources
list be sorted by weight; by weight for each owner; by satisfaction/utilization; or by satisfaction/utilization for each
owner.

Several things can happen as a result of sorting and inspecting the weights and satisfaction values. The parties can
decide that the current proposal is not satisfactory because the initial list of needs and resources was inaccurate or
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incomplete. As a result, they can revise the list. They can decide that the list was accurate but th~t the weights
were not and so they can revise the weights. Additionally, they can see which needs are not being met and look
for resources to fill them. All of these alternatives can result in the generation of a new proposed solution 3.

NegotiationLens results in making the reasoning and resources of both sides explicit. As a result, it can lead to the
development of solutions which are more satisfying and more sound than unilateral solutions based on unarticulated
criteria. Additionally, and for the same reason, the process can move the parties towards a better long term relationship.

3.1 Using the System: Two Case Studies of Simple Negotiations

1. The Visiting Researcher: This first example illustrates a negotiation in which a dispute concerning goal conflicts
and time constraints were successfully resolved. In the example a disagreement arose in a research group when a
visiting researcher told her manager that she wanted to start up two new projects and the manager replied that she
should not do so until she had completed the one project she had already started. At this point, the manager of
the group, the researcher and her colleague on the existing project entered into a collaborative negotiation. Each
side began by separately expressing the problem as they saw it. Next the two parties went on to offer an initial
unilateral solution to the problem.

Following this the parties used NegotiationLens to make the reasoning underlying their solutions explicit by creating
a list of what each wished to get from the situation and what each was willing to offer. They also entered a weight
for each need.

At this point, because the parties had a needs and resource list, they were able to create a joint solution in which
the researcher was given the go ahead to accomplish all that she wanted and the lab got a commitment to have
three systems built, rather than just the one which the manager was expecting. (As an aside, the commitment was
met.)

In the final stage the parties considered the goodness of the solution by entering a value indicating the extent to
which each need was satisfied and each resource was utilized (Figure 1, leftmost column). Considering the joint
solution and the satisfaction values entered by the parties it is not surprising that the negotiation resulted in a
solution which both parties felt was mutually agreeable. Beyond that each party reached a better understanding
of the needs, strengths and concerns of the other, this resulted in a more relaxed group dynamic and allowed them
to avoid future conflicts around these sorts of issues. Additionally, it strengthened the relationship between the
researcher and her colleague in that they agreed to (and did) jointly write a paper on the first project upon its
completion. z

2. The New Faculty Member: The second example is one in which the negotiation began with a goal conflict
and resulted in a mutual gain once one party reconsidered the legitimacy of part of his initial solution. In this
negotiation a young researcher (Dennis) was trying to negotiate the terms of a first faculty appointment with the
help of a more senior colleague (Karen). In this example NegotiationLens was used only by the two colleagues to
help the junior colleague define an optimal solution. The second party, Dennis’ new department head, Isaac, was
not directly involved in the use of the tool, although he was affected by the rethinking that resulted from its use.
Initially Dennis wanted Isaac to allow him to buy out of teaching with some research funding he had been offered.
More specifically, he wanted Isaac to use the buy out money to bring in one of Dennis’ friends to teach his courses.
He was particularly eager to have this friend as an intellectual companion in his new job. '

Dennis and Karen used the tool to create a problem statement, an initial solution and a needs and resource list
both for Dennis and, to the extent possible, for Isaac. Dennis and Karen then reviewed the list in an effort to
construct a proposal which would be acceptable to Isaac, since he had initially exhibited resistance to the idea of
Dennis’ buying out of teaching. Isaac believed that having the faculty teach the students provided the students
with the best education.

3 As parties develop their negotiation skills they can use the regrouping features in some fairly sophisticated ways in order to make revisions
to the list and its values. For example, if the parties are not satisfied with a solution, but are not sure why, they can first sort the needs by
weight and then enter the satisfaction values, allowing them to more easily see what important needs are not being met. As a second example,
if one party feels that the current solution is more favorable to the other side it can sort the list by owner and then within that by satisfaction
values. The parties can then easily see if the solution really is inequitable and try and satisfy both sides more fully.
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In reviewing the list of needs it came out that Dennis’ reason for wanting to buy out was that he wanted to do
well at his new job and that underlying his thinking was the criterion of doing as much research (and therefore
as little teaching) as possible. However, it also became clear in considering the department head’s position that
doing well included being willing (if not down right eager) to teach. This suggested that Dennis should change
his criterion as to what constituted doing well at the new job, and as a result, change his stance on the buy out.
Having done this Dennis and Karen then reviewed the extent to which the resources in the situation were being
utilized. They noticed that if Dennis did not buy out he could use his research money to bring in his friend as a
visiting professor (and possibly in the long term change the department head’s attitude concerning the potential
contribution of visiting faculty.)

This process, in which Dennis reviewed the legitimacy of the criteria underlying his initial position led to a solution
which benefited both parties.

4 Case Study: Generalizing NegotiationLens to Large Design Projects

In this section we will attempt to demonstrate the general usefulness of NegotiationLens on two counts. What we are
asserting here is tht NegotiationLens has the potential to resolve larger-scale conflicts and is applicable in a range of
domains which includes design. In making this argument we will refer to aspects of the negotiations described above and
show how, they can serve as models for resolving the conflicts described here?.

Overview: Several years ago a major computer company gave high priority to a project whose goal was to create a
workstation which would provide an integrated environment in the form of a graphical user interface (GUI) for running
a wide range of business applications. Towards this end, upper-level management assembled a set of several teams of

leading employees.

Unfortunately, two years later after continual setbacks the project was cancelled without the release of the workstation.

Below we describe some of the inter- and intra-group conflicts which appear analogous to the 2 cases described in the
previous section.

Selected Groups: Responsibilities and Conflicts®

1. Group: User Interface (UI)
The UI team was charged with ensuring that the diverse set of applications would have a unified look and feel,

giving the system a global coherence. The team, diverse in its talents, included several software engineers and one
user interface designer.

One of the intra-group® conflicts arose because the differing backgrounds of the group members led them to
have different implicit criteria concerning what constituted a good problem solution. That is, the system was
slated to contain a set of applications which were similar but not identical and which in addition had names that
were sufficiently similar that even members of the development group often got confused and launched the wrong
application. Because of their confusability the group member with the user interface background proposed that
this set of applications should be grouped under a single menu. His rationale was that putting the set on one menu
would allow users to focus on the differences between the members of the set and as a result confuse them less

often.

The proposal met with strong but not clearly explained resistance. Repeated and lengthy discussions within the
group did not resolve the issue. Finally one of the newer software engineers confided to the UI designer that the
resistance came from the software engineers’ rationale that an interface should reflect its implementation.

The example of the junior faculty member who reviewed his criteria for job success provides us with an analog
for looking at this dispute. Had the UI group engaged in a NegotiationLens-like process the software engineers’
criterion of wanting interfaces to map on to architectures might have become explicit. The engineers could then

4 Aspects of this case have been reported in less detail in Groenbaek, Grudin, Bodker, & Bannon (1991) and in Grudin (1991).
5Not all of the project’s design decisions generated conflicts and not all of the conflicts were intractable.
6This sort of lengthy technical dispute also occurred between UI and the human factors and industrial design groups. The nature of the

disputes were sufficiently similar that we will not elaborate upon them here.
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have decided whether they wanted to retain this constraint in this situation. That is, the rationale does have some
legitimacy. It makes systems easier to maintain and modify. However, had the rationale and its legitimacy been
examined in this context where it was also decreasing usability a considered decision could have been reached more

quickly and with less acrimony.

. Group: Performance Analysis (PA)

The usual responsibility of the Performance Analysis group was to test newly built systems in order to ensure
that they could meet minimum performance requirements. For this project it was decided that, contrary to the
usual arrangement, the PA group would be involved at the outset in order to avoid finding hard to deal with
after-the-fact problems (such as finding that systems which had been targeted to support and be marketed with 24
terminals could in practice only support, and be marketed with 18). The performance analysis group had over time
developed many tools for assessing system prototypes and their ccontribution was potentially valuable to the Ul
group. However, the performance analysts were accustomed to making assessments once they had a prototype to
work with. In this situation, where they were being asked to produce an evaluation in the absence of a prototype
they decided to come up with a list of minimum response times for basic operations such as cut, paste, copy, and
delete.

When PA presented their proposal for performance requirements to the UI group the proposal was greeted with
resistance which was sufficient to cause the performance analysis group to withdraw from the project. Both groups
ultimately lost out in this situation. A successful contribution to the high visibility workstation project would
have benefited PA. Additionally, had PA been able to uncover an inadequacy in the performance of the workstation
before it was cast in code it would have been helpful to UL Looking back to the examples presented in Section 3.1 it
seems as though NegotiationLens could have helped the two sides to uncover the source of the rift and to have come
to a mutually beneficial solution. That is, the resistance of the UI group came from two sources: The performance
analysis group had not made explicit how they had come by the performance criteria in their proposal; the criteria
seemed arbitrary. Further, a role conflict existed. UI felt that the advice was presumptuous, they believed that
as good engineers they were continually trying to optimize their implementations and that the PA group had not
really spoken to that hard problem, of which they were well aware. What we see here is a conflict in which each
side had something that would have benefited the other but neither side was able to make that clear. As a result
the two sides withdrew and lost the opportunity for mutual gain. If we view the visiting researcher and new faculty
examples as partial analogs to this situation we can use elements of both negotiations to construct a scenario with
a mutually beneficial outcome.

Had the UI group been encouraged to make a needs and resource list along with legitimizing statements, it could
have become clear that they believed they were from the outset optimizing what they were implementing. Had the
PA group also been encouraged to make a resource list UI could have been made aware of the tools PA had for
doing evaluations on prototypes. Then, when looking for opportunities for mutual gain both sides could have made
an explicit decision as to how they could have made the best use of each others’ resources. Under this scenario it
seems that the two sides might have come to an agreement that PA could provide useful input once a prototype
had been built (something which the UI group could have done). Had such a plan been implemented the work of
both groups might have progressed more rapidly and/or effectively.

. Marketing (MK):

The central concerns of marketing were to maintain and expand the company’s market share. Marketing attempted
to maintain market share by ensuring that new products were backwardly compatible with existing products. They
attempted to expand market share by requesting functionalities which competing companies featured in their
advertising. This meant that marketing would frequently demand that UI change functional and/or interface
elements of the system. Often this would occur at a late date, since that is when the product tended to be

evaluated by marketing.

These disputes are inherently difficult to resolve. There are real differences between the goals of the two parties
and both are legitimate. Although NegotiationLens may not be able to get the parties to find a mutually agreebale
" solution here it can at least ease the tension accompanying inter-group conflicts as we saw in the visiting researcher
example.

The process fostered by the use of NegotiationLens eases tensions by encouraging a working through of differences
within a framework of respect and commitment. That is, within this framework the parties make explicit the criteria
underlying their positions and provide explanations for the weight which they are giving to their needs. This means
that although the parties may still disagree at the end of the process, they have seen that the disagreement is not
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a result of one side discounting the other’s rationale, nor from one side being arbitrarily stubborn. This allows the
disagreeing parties to understand their disagreements, see why they are legitimate, and feel that they are being

treated with consideration and respect.

Looking at the case study presented in this section it seems that NegotiationLens may have been able to resolve a number
of the conflicts which arose within and between the groups working on the advanced workstation project. We claim this
is the case because it moves parties into a collaborative stance by having them make their implicit reasoning explicit,

allowing the creation of jointly developed problem solutions.

5 Summary, Implications and Future Work

In this paper we have argued that conflicts over: goals; allocation of resources; roles or turf; and judgements as to
what constitutes an optimal solution to the problem at hand repeatedly arise in the context of both large and small
cooperative work projects in a variety of domains. Further we have claimed that these conflicts can successfully and
appropriately be resolved through collaborative negotiation. In support of this argument we have outlined a prescriptive
theory of collaborative negotiation and have described NegotiationLens, a tool which has allowed parties involved in
conflict resolution to work through the process described by our theory.

Of course there is a cost to negotiating disputes as they arise. In many cases the cost will not be worth the benefit. But in
other cases, the ones presented here, we believe that it will be clear that negotiation will result in a savings. For example,
if a group whose contribution had at the outset been considered valuable (like performance analysis) is withdrawing from
the collaboration, entering into a negotiation is worthwhile. Similarly, if a dispute concerning the implementation of a
central feature of a system is continuing for a period of time which is equal to the time it would have taken to implement
the feature it again seems that a several hour negotiation will produce a savings.

A related issue arises concerning reducing the cost of using negotiation tools in supporting complex group problem-
solving. If the negotiation tool is integrated with other tools used in the daily work environment it is likely that the
overhead involved in their use will be minimized (Grudin, 88; Conklin & Yakemovic, in press ). As we mentioned in
Section 3, NegotiationLens is built on top of the Object Lens system which provides users with an object oriented
database, electronic mail (Lai, Malone & Yu, 89; Lee & Malone, 88 & 90), meeting scheduling (Resnick & Jordan, 90),
and collaborative writing facilities (Adelson & Jordan, 91; Adelson, 91 & 91a). Further, the system was designed to be
used both by experienced and unsophisticated computer users and to allow users to develop new applications to support
cooperative work as needed. Our hope, therefore, is that NegotiationLens, because it is a part of the larger Object
Lens environment will be a low cost tool for aiding group problem-solving, however these claims are yet to be put to
evaluative tests. And this points the way towards future work. What we would want to do is compare conflicts in which
no negotiation process was suggested against ones in which various negotiation techniques were given to the parties.
Further, we would want to look at each of these negotiation techniques when they were and were not supported by a

computer tool.

A last, but important test of this work concerns multi-group negotiations. Many serious conflicts involve only bi-lateral
negotiation (union versus management; divorce and custody cases; two-party treaties) and there is a need to study these
situations in detail. However, those who are seriously committed to the issue of negotiation also need to deal with multi-
party conflicts (global environmental debates; middle east conflicts, etc,). It is not yet clear how the study of two-party
conflicts can generalize to our understanding of situations involving many factions. Some results may generalize, some
may not. And this too is an important topic for future research.
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Abstract

This paper addresses some drawbacks of the communicative view of
social relations, in particular the language-cooperation link. Some limits
of this theory are shown, which seem to reduce its analytical and
applicative power. We detail to some extent some points that should be
added to the current paradigms in order to overcome the given problems.
Different kinds of pre-established external structures will be shown
which limit, de facto, realistic agents’ behavior. In particular we
consider an agent trying to cooperate with others in a social setting, and
describe how the agent receives a number of pre-existing constraints,
independent of her will. Such constraints are mainly provided by: the
objective structure of power and dependence relationships among the
agents involved; past problem-solving experience, either shared with
others or already codified; existing norms, which are aimed at regulating
the agents' behaviors in a given context.

1. A premise

To understand the many changes generated from the spread utilization of computer both
in social life and in work processes, an understanding of human cooperation activity
(more generally of social activity) and an investigation on the real nature of
organizations may be required. With respect to these two crucial points diverse
disciplines (namely Organizations Theory, Computer Supported Cooperative Work,
Distributed Artificial Intelligence, and Conversation Theory) share a quite idealistic
paradigm.
Let us show few examples of such a paradigm:
« according to Winograd [18] "from a languagelaction perspective.. people act through
language.... Conversations for action are the central coordinating structure for

1 This work has been partially supported by CNR under "Progetto Finalizzato FATMA", and under
"Progetto Finalizzato Sistemi Informatici e Calcolo Parallelo”, grant n.104385/69/9107197 to IP-CNR.
The authors are members of the "Project for the Simulation of Social Behavior” at IP-CNR.
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human organization. We work together by making commitments so that we can
successfully anticipate the actions of others and coordinate them with our own."

* Gasser [13] views an organization as "particular set of settled and unsettled
questions about beliefs and actions through which agents view other agents.
Organizational change means opening and|or settling some different set of questions
in a different way, giving individual agents new problems to solve and ... a different
base of assumptions about the beliefs and actions of other agents’. As Chaub-Draa
et al. [7] says according to this view "an organization should not be conceived as a
structural relationship among a collection of agents or a set of externally-defined ...
the best way to define an organization is to view the concept of organization as
embedded in the belief, intentions and commitments of agents themselves. In other
word, an organization is defined as a set of agents with mutual commitments, global
commitments, mutual beliefs and eventually, joint intentions when these agent act
together to achieve a given goal". Both the points of view equate an organization to
a team --a group of agents who agree to carry out a joint activity. Actually a huge
difference exists between a spontaneous group of agents and an institution.

* Bond [3] uses a notion of commitment taken from the sociological studies of
organizations (Becker [1]). In his view, an agent participates in a given organization
setting by commitment; commitments are generated by negotiation and are used to
constrain individual actions. Using this formal apparatus Bond defines an
organization as "a set of agents with consistent mutual commitment”. In this way he
consider just one aspect of the individual role in an organization (and in a team too).
One missing aspect concerns the fact that in agent 1's commitments with respect to
agent 2 a key role is played by the expectations of agent 2 on agent 1 and by the
particular role power of agent 1. For example agents do not have a number of
resources either through commitment or by contracting with each other, because they
may be already endowed with them. Moreover, agents are given some other
resources by commitments (obligations, permits) of other agents whom they are not
able to negotiate with: in fact the other agents may provide these resources out of
their authority.

The model the examples refer to satisfies the following assumptions:

1) agents consciously and intentionally build up their relationships, the organization
(and even their society), and these consist in the sharing of the agents' minds;

2) agents are viewed as ruled by cooperative goals and common interests, and, if they
come into conflicts (to be settled for the common welfare), this just depends on their
lack of knowledge, or on their different points of view, tasks and roles. There is
apparently no room for an agent's intention to take advantage of a relationship or of an
organization for personal interests;

3) communication is considered to be the "glue" of an organization and the nature itself
of an interaction: the models of language and conversation are turned into the models of
social interaction and organization.

The nature of human-computer interaction, as well as the nature of working with and
by means of a computer, can but emphasize the delusion that communication is the
basis of society and organizations. Computers and HCI may hide such non
communicative relations of organizations as power, dependence, interest, or normative
relations. These become less visible, are "immaterial” (like money when it is passed via
computer).
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The interest of such a model for the cognitive scientist lays in the relevance given to
agents' mental representations and to the autonomy of agents themselves. However
such assumptions are insufficient: according to our analysis, in fact, the explicit
representation of concepts in the agents’ minds do not imply neglecting the role played
by externally imposed limitations to their activities. This paper will address some
drawbacks of the communicative view of social relations, in particular the language-
cooperation link. Furthermore, some limits of this theory are intended to be shown,
which seem to reduce its analytical and applicative power. We also detail to some extent
some points which should be added to the current paradigm in order to overcome the
given simplifications, by showing different kinds of pre-established external structures
which limit, de facto, realistic agents’ behavior.

2. Free market and spontaneous cooperation
Two are the main arguments against a conversational theory of cooperation:

1) within conversational theories, a mild view of lin guistic interaction is dominant. As
ethnomethodological studies have exhaustively shown, formal aspects of conversation
(turn-taking, monitoring the listener's attention and understanding, etc.) induce
adoption and cooperation in any sort of linguistic interchange -- even the most
aggressive one [4]. There is no verbal exchange without adoption. However,
cooperative routines in conversation are not sufficient conditions for claiming that
conversation is adoptive, if the latter statement implies some decision-making
concerning whether or not to adopt the other conversant's goals. Those routines are
used by the participants as a conversational tool. Their function is precisely to allow for
conversation to be carried on. However, the conversants do not need to have goals
corresponding to these functions. It is sufficient that they "know how" to carry on a
conversation, that they apply some routines and the job is done. No cooperation, Stricto
sensu, is necessarily implied.

Of course, if linguistic interaction is viewed as the general case of interaction (rather
than the opposite), and if conversation is viewed as necessarily cooperative, a mild,
non realistic view of (organizational) interaction follows.

2) Emphasis on negotiation: cooperation within organizations is fully described by the
whole pattern of binds holding within each organization plus their "histories".
However, not all such links are spontaneously created and negotiated by the agents
involved: the structure of cooperative work is not always so dynamic and
"contractualistic”. Nor is it true that all commitments can be handled as equivalent,
except for their deadlines if any. Quite on the contrary, when a social agent cooperates
with others, especially if this happens within an institutional organization, she
undergoes a number of pre-existing constraints independent of her will, mainly
provided by the following aspects:
« the objective structure of power and dependence relationships among the agents
involved;
« past problem-solving experience, either shared with others or already codified;
« existing norms, which are aimed at regulating the agents' behaviors in that context,
setting up which commitments might take place and which have to.

Let us see all three aspects, starting from the last one, to dwell a little bit more on the

first one (the most fundamental) and on the relation that it bears with the models of
negotiation and cooperation.
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3. Norms, "conversation" and commitment

Agents within organizations are not allowed to freely commit to any sort of activity.
Not all agents are allowed to perform all requests; not all requests are allowed to be
asked of all agents; not all agents are held to accept all requests, and so on and so forth.
This bears a number of consequences, also on applications:

1) There is a question of rationality of the conversational network and of the decisions
of the single agents: agents might perform either useless or wrong requests; their
commitments might be improper; they might carry on conversations for possibilities or
for orientation to acquire information which should be already available to the system
and not drawn from agents' personal experience (see, for instance, the ruling
procedures).

2) Furthermore, there is a problem of monitoring and conformity, or at least of
tutoring/counseling provided to the negotiating agents. Suppose agent 1 ask agent 2 to
perform a given procedure but is unknown that the procedure is invalid or useless
unless a formal permission is given by agent 3. Agent 1 believes her job is done, when
in fact it is not, especially if agent 2 performs the action required, thus acting uselessly
or improperly. Agents need help with regard to their commitments, and possible to be
reminded of necessary sub-procedures.

3) Finally, not all commitments are equivalent, nor can be handled in the same way. If
agent 2 is committed to perform a given action in front of agent 1, it should be
- distinguished whether:

* this commitment is merely personal (and if so, is it out of friendship or due to
negotiation? For in the latter case, an obligation of reciprocation is impinging on
agent 1);

+ it is due (and if so, is it out of reciprocation or for institutional tasks?).

Furthermore, the social cognitive structure of commitments essentially consists of
letting the other to be entitled to "demand satisfaction". Therefore, it is essential of
commitment the "responsibility” assumed by the committed agent [15] [17]. Now,
while in personal relationships, this is quite obvious, in role commitments institutional
hierarchies come into play. Indeed, it is possible that while agent 2 is committed with
agent 1, who is responsible of a missed fulfillment is agent 4 (agent 2's chief) whose
task is checking agent 2. Without even knowing it, and thanks to his role, agent 4 is
committed with agent 1. Is the organizational support able to remind agent 4 of this
indirect commitment? Is it able to inform agent 1 about the identity of the agent really
responsible of the commitment, even though he did not participate in the initial
conversation? or, for example, the knowledge about the commitment between agent 1
and agent 2 is just contained in their "private” knowledge [2]?

4. Memory based planning and cooperation

A further constraint to the "freedom" of agents' commitments lies in the individual or
collective memory of solutions to past problems.

In the last few years, studies on planning have thoroughly explored both the planning
based on analogical reasoning about previous situations (case based) and the
instantiation and adjusting of abstract and failed plans (adaptive) [14]. In addition, one
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should remember the studies about scriptistic knowledge, which provides a baseline to
follow in customary activities. It is our belief that both types of knowledge (that causal
and temporal of planning and that situational and customary of scripts) should be re-
unified [9]. For sure, when the agent must solve a problem, either personal or social,
she usually neither resort to general solutions nor she starts every time from zero.
Rather she tries to apply plans and procedures already known. This is true for
cooperation as well.
First, shared knowledge of plans and scripts is essential for agents to understand one
another [9], to understand requests and coordinate the activity without specifying
everything. Elsewhere [9], it has been shown that rather frequent types of topic
changes are allowed in conversations without seriously damaging comprehension and
the carrying on of the participants' interaction.
Secondly, collectively found solutions will be channeled by this knowledge (with
negative consequences as well, such as ignoring new and maybe better solutions). This
is especially true since most scripts are multi agent structures usually cooperative.
Indeed, in many circumstances, interaction is allowed by integration of single agents'
plans which results in a multi agent overall planning structure (MAPSs). MAPSs [10]
are but plans which mention more than one agent; more precisely, they are n-action
plans (for n > I) in which not all actions may be accomplished by one single agent.

There are several types of MAPSs. One of the dimensions along which MAPSs vary is
the cooperation/exchange one:

« cooperative MAPSs are converging into one and the same common end. For
instance, a multi agent plan for a robbery is a cooperative plan, since it is aimed at a
single common end but includes a variety of specialized -tasks which must be
accomplished by distinct agents;

« exchange MAPSs include more than one end. For instance, the subplan BUY-
NEWSPAPER is complementary to the subplan SELL-NEWSPAPER in a global
MAPS which is aimed at two complementary ends. Interestingly enough, MAPSs
often fall in the middle of the continuum between exchange and cooperation. There
are exchange MAPSs in which agents act to achieve a common end (f.i., the MAPS
for doctor-patient interaction). What is more, each type may be included in the other:
a MAPS for robbing a bank is a means for each agent's getting its share of the cake;
on the other hand, a cooperative MAPS might include some exchange among the
participants: one might ask for another's help to accomplish its share of the plan in
the common interest.

A further dimension of variation is the orchestrated/functional one:

« Orchestrated: MAPS is conceived of by a "third" agent's mind [5]. Consider the
band of thieves: their cooperation might be orchestrated by a criminal organization,
which worked out the whole plan with its specialized tasks and roles and enrolled
the executors. The latter might be unaware of one another and even of the final end -
- each performing its task as a result of the negotiation with the third agent. Here,
therefore, cooperation among the executors of the plan does not imply any form of
negotiation and commitment among them.

« Functional: MAPSs might be external to any mind, so to speak, and exclusively due
to their selective (reproductive) effects [5]. Plans of this sort are usually customary
cooperative plans, although ritual aggression -- like the fights for getting access to
females among several species, or the ritual insults from one side to the other
occurring during the wedding ceremony in some African villages -- might be seen as
examples of functional multi agent plans.
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MAPSs are in sum a memory of collective plans, with tasks and roles specified,
enriched with knowledge about the requirements of the role players, sequence and
justifications of different agents' actions. This deeply modifies negotiation and
requests, transforming them into a simple allocation-acceptance of roles.

MAPSs recur in most aspects of everyday life. From the simplest to the most complex
forms of interaction, memory of past solutions comes to the agents' help. For all, let us
consider the example of BUY-NEWSPAPER. Several interesting aspects of the
ordinary activity of buying newspapers reveal not only that it consists of applying an
existing solution to a problem already encountered, but also (and especially) that the
solution applied is a collective one. As we shall see, (part of its) consequences are not
calculated by the single agents although they favour both any single interactional
episode and their iteration:

1. Public "advertisements" of the roles: Customers do not need to search agents whom
to give money in order to receive newspapers in return. Indeed, an important sub-
aspect of problem-solving directed to exchange is a complex procedure for identifying
the agents endowed with the resources and willing to enter a relation of exchange with
the would-be customer. Usually, newspapers sellers offer their "goods" in
acknowledgeable booths designed on purpose.

2. Sellers are held to "adopt" the customers' goals of buying newspapers. A further
fundamental aspect of social problem-solving is how to have one's goal adopted by a
"useful" agent once one such type of agent has been identified [6]. This point to a
special aspect of MAPSs, namely their including a representation of the norms
regulating the behavior of agents who bids for a given task. Therefore, once accepted
the role of selling newspapers, an agent loses some of its control about whom to enter a
relation of exchange with. This is no longer a matter of negotiation: sellers are "held" to
sell papers and magazines to any customer no matter how little they like him, provided
of course the latter gives back money. Interestingly enough, the most fundamental
norm regulating exchange is one which prescribes reciprocation: once obtained their
outcomes, there is no utilitarian reason for agents to keep to the promise of
reciprocating their partners. Consequently, a norm is needed to ensure a practice in
absence of which the continuity of social interaction would be seriously impaired.

3. The type, entity and time of reciprocation is socially set up. As claimed by social
scientists, one of fundamental features of economic exchange is precisely the
simultaneity and quantifiability of reciprocation. In the example considered, in addition,
the type and amount of reciprocation is set up beforehand, independent of the
interactional episode, and is not subject to negotiation.

5. A()bjective structure of power and dependence relations

The fundamental structure that has a strong impact on agents, their conversations and -
commitments, even beyond any institutional organization is the structure of their
dependence relations. Such a structure is objective in the sense that it exists independent
of the agents beliefs and wants. It largely determines-whether actions conversations and
cooperations will get through, thus determining the rationality or irrationality of
communication as well.

Agents cooperate because they are lacking some ability, competence or resource
required to achieve their goals or fulfill their tasks. In other words, they are lacking
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some powers which other agents possess. Consequently, they are dependent on others
to reach their goals [6] [8].

Dependence is not necessarily a social notion. A relation of dependence may be said to
occur whenever: a) any object or event in the external world may increase, if used, the
probability that a given state of the world be realized, and b) that world state is
represented as a goal by at least one agent. In such a case, we say that agent to be
dependent on the enabling object or event. The latter will then be called a "resource”.
Resources enter the structures of the actions. An action is a relation that can hold among
agent(s), goal(s), and resource(s). We then say that anything that is involved in the
action, except agent x, is a resource r of that action a. The use of a resource r
necessarily implies that the action requiring it be done.

A set of resources is required for any act to take place. In our notion, cubes, tables and
hands are resources in the block world. In the social world, others may be used as
resources (not only in exploitation but also in prosocial action: in help, in a quite
abstract sense, the recipient is a resource of the action "give help").

Agents are usually dependent on the existence of resources. We will call this type of
dependence a resource dependence, to distinguish it from social dependence. Agent x is
said to be dependent on resource r when the latter is required for x to achieve his goal
that p. Thus, for instance, x is resource dependcnt on a hammer for having a nail driven
into a wall.

In our definition, social dependence is a resource dependence in which the resource
slot is filled in by a social agent. Agent x is said to be dependent on agent y whenever:

« a resource (namely an action a) is required for x to achieve one of his goals p, and

« x is not able to do a, while

+ y is able to do so.
in other words, x depends on y with regard to an act useful for realizing a state p when
p is a goal of x's and x is unable to realize p while y is able to do so. Being able to do
any action g is here meant as x's having a in his action repertoire, and either its
condition q is true or x has another action which leads to g.
In this context, y's action is a resource for x's achieving his goal.

Social dependence, as well as resource dependence, is an objective relationship, in that
it holds independently of the agents' awareness of it: x may depend on y even though
they both ignore the fact. However, many relevant consequences may derive from x's
and y's (either unilaterally or mutually) becoming aware of it: to mention just the most
salient ones, x may try to influence y to pursue p, while y may choose whether to adopt
x's goal or not [6] [8].

Moreover, not only a dependence relationship may be known; it may also be wanted, in
that either x or y may actively "work" on maintaining or strengthening the relationship.
And, not only a dependence relationship may be wanted once established. It may even
be created by the agents, by producing those objective conditions that define a
dependence relationship (a certain goal in x's mind; the lack of a certain power
condition, etc.). So, for instance, y may influence x, and induce him to have p as a goal
of his own; since p cannot be achieved by x without y's help, y has created a
dependence of x on her by means of an influencing strategy; otherwise, supposing that
x already has p as a goal of his and is also endowed with the power conditions useful
for achieving it, y may deprive x of some of them (say, by stripping him of a certain
resource), thus making x become dependent on her relative to p. '
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Within organizations, the nature of powers and capacities is two-fold. On the one
hand, in addressing himself to y, x refers to the actions that belong to the agent's action
repertoire, to her know how. For instance, if agent 2 cannot speak English I cannot ask
him to write a letter in that language. On the other hand, the agent's competence means
something quite special within the organizational context: it refers to what an agent is
held to do, her role-tasks. From this point of view, it is unrelieved whether agent 4 (the
chief) is able or not to write a letter in English since he is not held to write letters. This
type of power and capacity has a normative base, and leads us back to the necessary
consideration of the role of norms within a model of organizational cooperation.

6. Dependence and conversation

From any given dependence net [6] important predictions concerning the agents'
communications and commitment are derived. A dependence net precedes conversation
and commitment and simply implies their goals-tasks and their capacities. In other
words, not all structures of communication and commitment are equally rational and
efficient with regard to the underlying dependence network. If, say, agent 1 is
dependent on a resource that agent 2 controls, it will be rational to ask agent 2 to let the
resource to be used by agent 1. The type of request will obviously depend both on the
nature of the resource in question (whether this is information, material goods, etc.)
and the nature of the control exercised by agent 2: whether she is simply using the
resource, possessing it, etc.).

If agent 1 does not know that the resource is under someone else's control, or does not
know the latter's identity, he will undertake useless conversations. If agent 1 does not
know how and why to obtain the resource from agent 2, his chances of negotiating
with agent 2 about that resource are rather poor: this is the case when agent 2 is not
spontaneously "benevolent” [11] and agent 1 is not informed about some possible
dependence of agent 2 on him.

True negotiation does not consist, as in contract nets [12], of requests or proposals that
the other agent automatically accepts unless she is involved in some other job or has got
the opposite goal. In true negotiation, agent 2 must have some specific reason to do
what she is required of doing. Even in organizations, as seen above, most
commitments are not necessarily due, but rather optional. Even when "due" they might
be optional and not necessary procedures; sometimes, they are simply "favours". True
negotiation consists of knowing implicitly or explicitly how to persuade agent 2 to
cooperate.

7. Conclusions

The analysis of the dependence, problem-solving and normative constraints underlying
conversations and commitments among cooperative agents has been argued to shed
new light on the study of organizational cooperation. It serves to point out a perspective
necessary to the understanding of cooperative relations and organizations: this has
already been shown by Winograd, when he states that the conversational approach is
not sufficient and that complementary views are possible, like role analysis [18].
Indeed, the above constraints show that the conversational view is somewhat
misleading: agents do not spontaneously negotiate all their commitments. Usually, they
found themselves to comply with norms, to accept tasks, they even happen to be
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indirectly, and therefore unknowingly, committed with someone because they are
responsible of someone else's doings! Conversational theory disguises and mixes up
different types of commitment and cooperation in a cooperativistic and contractualistic
view. As a consequence, predictions concerning what the agents will do, and what
would be rational for them to do are not allowed. Even from the applicative point of
view, the theory runs into two risks: the explosion of communications among
cooperative agents with consequent huge "coordination costs" [16]; on the other, the
lacking of essential information for creating commitments and adequate solutions to the
problems encountered in an organizational context.

This view of organizations as multi-layered structures, with binds of different types and
levels constraining the conversational and commitment "freedom” of the agents, bears
many consequences also on the role of the computer as a support both to work and to
interactions. So, it has consequences on the kind of information that the computer has
to convey to the user. In other terms, the computer should help the members of the
organization or its clients, to know, understand and remind who depends on whom;
who is able to cooperate on a certain task; who is responsible for a certain act or
commitment; what is the local situation of credits and debts of each agent; etc. In this
case the computer would really make the organization more understandable and give a
substantial support in organizational cooperation.
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Abstract

Claims for the virtues of visual programming languages have generally been strong, simple-minded
statements that visual programs are inhcrently better than textual ones. They have paid scant attention to
previous empirical literature showing difficulties in comprehending visual programs. This paper reports
comparisons between the comprehensibility of textual and visual programs, drawing on the methods
developed by Green (1977) for comparing detailed comprehensibility of conditional structures. The visual
language studied was LabView, a circuit-diagram-like language which can express conditionals either as
‘forwards’ structures (condition implies action, with nesting) or as ‘backwards’ structures (action is
governed by conditions, with boolean operators in place of nesting). Green (1977) found that forwards
structures gave relatively better access to ‘sequential’ information, and Gilmore and Green (1984) showed
‘backwards’ structures gave relatively better access to ‘circumstantial’ information. These differences were
supported in the present study for both text and graphics presentations. Overall, however, the visual
programs were harder to comprehend than the textual ones, a strong effect which was found for every
single subject, even though the subjects were either experienced LabView users or else experienced users
of circuit diagrams. Our explanation is that the structure of the graphics in the visual programs is,
paradoxically, harder to scan than in the text version.

1. Introduction

Large numbers of visual programming languages (VPLs) have been invented. Their proponents claim that these
languages are easier to understand than textual languages (TLs). Sometimes the claim is based on ill-digested pseudo-
psychology about TLs ‘not utilizing the full power of the brain’ (Myers, 1990, p.100); sometimes it rests on the
unfortunately-named so-called ‘software science’, extended now into the visual domain by Glinert (1990) in an
otherwise excellent paper. At other times VPLs are described as ‘de-emphasizing issues of syntax and providing a
higher level of abstraction’ (Myers, 1990, p. 100), a more cautious claim. Comments from professional electronics
designers tend to support this last view (Petre and Green, 1992), although the electronics domain is rather different
from programming.

Improved legibility of VPLs is an important issue, not only because TLs are notoriously hard to read, but also because
of the potential for making use of increased legibility to enable ‘display-based problem solving’ (Larkin, 1988; Howes
and Payne, 1990). Green, Bellamy, and Parker (1987) proposed a cyclical coding model in which programs were
developed a chunk at a time -- a chunk possibly but not inevitably corresponding to a ‘programming plan’ (Rist, 1986;
Davies, 1990) -- and in which, as each chunk was prepared mentally and became ready to insert into the material that
had been written so far, the programmer had to re-establish the intentions and structure of the existing material. This
‘parsing-gnisrap’ model was supported by detailed observations (Green et al., 1987; Davies, 1989). According to such
a model, increasing the comprehensibility will certainly facilitate the programming process. As Fischer et al. (1991)
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have shown, such ‘talking back’ from the environment is also typical of interaction with very complex environments
as well as the much simpler ones studied in the laboratory. Although this may seem a glimpse of the obvious,
programming languages seem to have been mainly devised for ease of generation rather than for comprehension (in so
far as cognitive aspects have been considered at all).

Unfortunately, previous research on comprehensibility of VPLs has been unencouraging (Brooke and Duncan, 1980;
Curtis et al., 1989). Nevertheless the developers of VPLs clearly believe in their products: could previous research be
wrong or inappropriate? Perhaps so; today’s VPLs are usually dataflow languages rather than the flowchart-like
"nguages studied by Curtis et al and others; moreover, today there are commercial languages with real users, in
contrast to the subjects of previous studies, who had used TLs for programming and visual notations for
documentation; and finally, the dataflow model has allowed some languages to be based on familiar metaphors.
Typical among these is the LabView language (Santori, 1990; Hils, 1992), the language that we used in the studies
reported here. LabView is closely based on the metaphor of electronic block wiring diagrams.

In this paper we therefore examine the claims that VPLs are highly comprehensible, taking LabView as our type of the
VPL. The paper builds on a preliminary paper by Green, Petre and Bellamy (1991) presenting outline data from a
sample of LabView users; for various reasons, that paper presents only outline results. The present paper (a) reports
results from a further sample of electronics designers, thoroughly familiar with the underlying metaphor of LabView,
(b) presents full analyses, (c) relates the findings to the ‘match-mismatch’ hypothesis (Gilmore and Green, 1984) and
the ‘cognitive fit’ hypothesis (Vessey, 1991), (d) presents a simple model of information-gathering from VPLs and
TLs which is sufficient to account for the results, () relates that model to the models of graphical information-
gathering by Lohse (1991) and of display-based problem-solving by Larkin and Simon (1987), and (f) concludes that
future claims of advantages for notation structures and information displays should be more closely related to models of
the cognitive processes of information extraction.

2. The Background ,

Previous work on the design of programming languages has frequently made the claim that no particular notation is
universally best; rather, each notational structure highlights some kinds of information at the expense of obscuring
other types. For conditional program structures within a procedural paradigm Green (1977) distinguished between
‘circumstantial’ (or ‘taxon’) and ‘sequence’ information, showing that nested conditionals favoured sequence
information, (“Given this input, what happens?”), a claim later strongly supported by the work of Curtis et al.
Conversely, Gilmore and Green (1984) showed that a more declarative programming language gave improved access to
circumstantial information (“Given this result, what do we know about the input?”). Gilmore and Green postulated
that across the spectrum of information structures, performance was at its best when the structure of the information
sought matched the structure of the notation, and that a mismatch would lead to poor performance (the ‘match-
mismatch’ hypothesis).

In a parallel but independent line of work, Vessey (1991) investigated the use of tables and graphs for conveying
information and for problem-solving. She distinguished between the external problem representation (in our terms,
that would be the available data) and the representation of the problem solving task (in our terms, that would be the
problem to be solved). When the types of information emphasized in these two representations match, she asserts,
“the problem solver uses processes (and therefore formulates a mental representation) that also emphasize the same type
of information. Consequently, the processes the problem solver uses to both act on the representation and to complete
the task will match, and the problem-solving process will be facilitated.” (p. 221).

3. The Languages

Green and Gilmore used simple TLs based (at some distance) on existing full-scale languages. One of these, Nest-INE,
was a sequential notation using nested conditionals with the assistance of extra cues, which had earlier been shown to
assist both novices and professionals (Sime, Green and Guest 1977: Green 1977). Their other notation, which we
shall refer to as And/Or, was based on a production system model, in which the structure was clearly circumstantial.
Both of these languages were employed in the present experiment (Figures 1 and 2). The prevailing characteristic is
that Nest-INE supports working forwards, from the input to the output, whereas And/Or supports working

backwards, from the output to the input.
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For the corresponding VPLs, it so happens that the LabView language is capable of expressing conditionals either as a
sequential structure or as a circumstantial structure. The ‘Boxes’ notation (Figure 3) is unusual in being interactive --
at any one moment, the display only shows one arm of an if-then-else conditional, and the reader has to click on the
True/False button to toggle the two arms of the conditional. The result is a sequential structure: given the selector
condition, the appropriate part of the case structure can be quickly found. In contrast, given the output, the reader has
to search through a variety of cases to find the appropriate case that will generate such output -- although, once found,
reading off the input conditions is relatively easy.

The ‘Gates’ notation, also available in LabView (Figure 4), is seemingly a circumstantial structure. Given an output,
it is relatively straightforward to work backwards through to the input side, recording the conditions as one goes; but
working forwards from input to output is much harder, requiring the reader to branch backwards at each AND-gate.

4. The hypotheses

Both Brooke and Duncan (1980) and Curtis et al. (1989) found that the advantages of flowcharts over text, if any, were
at the detailed level rather than at the overview level. We therefore chose to investigate detailed comprehension of
conditionals. In part 1 we investigated question answering, following the lines adopted by Green (1977) and Curtis et
al. (1989), in this new context of dataflow VPLs with experienced users. The question-answering task corresponds to
“What does this program do?” (forwards) or “What made it do that?” (backwards). In Part 2 we investigated same-
different comparisons between programs, which have not previously been studied. When both programs are in the
same notation, same-different judgements correspond to such real-world questions as “How do these programs differ?”;
when they are in different notations, the real-world equivalent might be “Does this program agree with this
specification?”.

If the supporters of VPLs are correct, then visual representations will be uniformly superior. The contrary hypothesis
is that in Part 1, sequential languages will facilitate forwards questions, and that circumstantial languages will facilitate
backwards questions, with no strong assertion about the difference between the graphical and textual modes. In Part 2,
our hypothesis is that a mismatch between program structures (i.e. one forwards, and one backwards notation)would
slow up performance.

5. Procedure

Examples of stimulus programs are shown in Figures 1-4, covering Text or Graphics crossed with Sequential or
Circumstantial. The two graphical notations were derived from LabView, using exact screen images copied into
SuperCard. For the Boxes notation (Figurc 3), the interactive aspects of LabView were emulated in SuperCard. In half
the programs there was at least one outcome that could be reached by more than one route: these are ‘multi-path’
stimuli. Other programs were ‘single-path’.

In Part 1 of the experiment, each subject was shown a stimulus program and after a short interval was then shown
either input data (for a forwards question) or an output result (for a backwards question). Responses were made by
mousing on radio buttons. For a forwards question, a single mouse click was sufficient to state the action of the
program. Backwards questions for single-path programs were answered by setting 6 radio buttons to appropriate
values, True, False, or Irrelevant; for multiple-path programs, 12 radio buttons were set. Examples of these tasks are
shown in Figure 5.

In Part 2 of the study two programs were presented side by side, and the subject responded either Same or Different,
again by mousing a button. Due to poor design, the subjects in Group 1 (see below) only received comparisons in
which one notation was a TL and the other a VPL. The mistake was repaired for Group 2, and all possible
comparisons were made.

Two groups of subjects were recruited. Group 1 (N=5) were occasional programmers who had used LabView for their
work or at least 6 months. Overall programming experience ranged from 5 to 15 years and covered a variety of
languages, Basic and assembly language being the commonest. Group 2 (N=6) were very experienced programmers and
designers of advanced digital electronics apparatus with no previous experience of LabView.
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6. Results

6.1 Part 1: Forwards and Backwards questions

Errors were few and unsystematic. Time scores were transformed to logarithmic units and analysed by ANOVA with
three repeated-measures factors: Modality (text vs. graphics), Structure (sequential vs. circumstantial) and Direction of
questioning (forwards vs. backwards single vs. backwards multiple). Since the procedure for Part 1 was identical in the
two versions of the experiment, but the subject populations differed, we treated the combined results as having an
additional between-groups factor, Group (Group 1 vs. Group 2). The ANOVA revealed no interactions involving the
Group factor with a significance level below 10% except Direction* Structure*Group, which reached 0.08. There was
not even a main effect for Group (i.e. neither group of subjects responded significantly faster overall). It appears
likely, therefore, that the results we report will hold for a wide range of subject populations.

The overall pattern of results is illustrated in Figure 6, expressed in the logarithmic units used for statistical analysis.
Match-mismatch: Forwards questions were answered faster in notations with Sequential structure, Backwards
questions were answered faster in notations with Circumstantial structure, as predicted by the ‘match-mismatch’ or
‘cognitive fit’ hypothesis. This interaction, Direction*Structure, was highly significant (F(2, 18) = 21.77, p =
0.0001). Graphics v. Text: Overall, graphics was slower than text. The main effect for Mode was very highly
significant (F(1,9) = 208.6, p < 0.0001). Moreover, graphics was slower than text in all conditions: there were no
high-order interaction effects, and in particular Mode*Direction*Structure was far from significance (F(2,18) = 1.43, p
= 0.64). The overall geometric mean for Text responses was 35.2 seconds, as against 68.1 seconds for Graphics
responses. Size of effect: Hayes (1981) gives a procedure for estimating ®?2, the size of an effect in terms of total
variance accounted for. The three largest effect sizes were Mode, Direction, and Direction*Structure, for which @2 was
respectively 25.0 %, 24.7 %, and 5.7%; so about 56% of the total variance was accounted for by these three.
Uniformity of effect: For each individual subject, we compared the 8 times for text notations to the 8 times for
graphics notations. The mean time for graphics conditions was greater than the mean time for text for every single
subject.

6.2 Part 2: Same-Different Judgements

Two analyses were made, one of all the responses, the other only of correct responses. Because each comparison
employed two notations, the response time was affected not only by the intrinsic difficulty of each notation but also by
the individual combination of notations. We were particularly interested in testing for a match/mismatch effect.
Contrast analyses were used to test the hypotheses that judgements are faster (or slower) when the modalities differ (i.e.
one Graphics, one Text), or else when the structures differ (i.e. one Sequential, one Circumstantial). Neither was
significant. ’

We also tested for an intrinsic difficulty effect, using linear contrasts for number of Graphics notations presented on
each trial (0, 1, or 2) and number of Sequential notations (also 0, 1, or 2). Although these tests had lower power, both
conirasts were significant. For Mode, F(1, 10) = 43.9, p < 0.0001, showing that the more Graphics components, the
longer the response time (Figure 7); for Structure, F(1,10) = 5.6, p = 0.040, showing a weaker effect that the more
Circumstantial components, the longer the response time (Figure 8). It would appear that intrinsic effects of Mode and
Structure were much stronger than match/mismatch effects, and that the intrinsic difficulty of the graphics mode was
the strongest effect of all. Error data were not revealing.

7. Discussion

7.1 Visual languages versus Text languages

Our first conclusion obviously concerns the plausibility of dataflow VPLs. Given these results, it can hardly be
claimed that VPLs are consistently superior to TLs! The data show that the graphical notations are in fact consistently
worse than the textual notations. Our tasks were realistic tasks, testing the level of detailed comprehension that had
previously been shown to be the best point of flowchart-based VPLs. The language is reasonably successful
commercially. The size of the problems we used was not unrealistic (the LabView manual itself gives examples with
a comparable number of control components). Our subjects included two levels of programming experience, of
familiarity with LabView, and of familiarity with the wiring-diagram metaphor. In view of all this, the poor showing
of the LabView VPL shows that dataflow languages are poor at communicating this type of structure.
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The problems of graphical representations showed most clearly in Part 2, the same-different comparisons, where the
Gates structure stood out as hard to work with. The sight of subjects crawling over the screen with mouse or with
fingers, talking aloud to keep their working memory updated, was remarkable. This structure was very difficult for our
subjects, even for Group 2, who were very experienced with it. As a support for reasoning processes it clearly

leaves a great deal to be desired.

7.2 ‘Match-mismatch’ | ‘cognitive fit’

The results also show, as expected, support for the ‘match-mismatch’ or ‘cognitive fit’ hypotheses, thereby confirming
the results obtained by Gilmore and Green (1984), Curtis et al. (1989), and Vessey (1991); but the effect of the match-
mismatch is less than had been expected. Similarly Sinha and Vessey (1991), comparing Lisp and Pascal as vehicles
for learning recursion and iteration, also found that ‘cognitive fit’ only told half the story, and that there were
differences between programming languages that were not explicable in those terms. In the present experiment, the
reason may be caused by the problems of tracing program behaviour and gathering information in the Graphics
notations. '

7.3 Information structures and models of information gathering

The profound difficulties of the Graphics modes in our study seemingly contradict recent developments in display-based
problem solving (Payne and Howes, 1990; Larkin, 1988; Larkin and Simon, 1987) and sophisticated models of
information-gathering in tables versus graphs (Lohse, 1991).

The reason is not far to seek. The models just cited have all obtained their results by showing that the graphical
presentation of data made for improved information-gathering. For instance, Lohse’s extremely thorough model
predicts time required to answer questions about graphs and tables by allowing for eye-scan times, time to discriminate
a symbol or a shape, time to match symbols against working memory, etc. The graphical presentations allow faster
scanning and faster discriminations, so the model predicts faster total times. Similar, although less well-developed,
arguments lie behind the Larkin and Simon account of how diagrams improve simple problem-solving.

In contrast, the information-gathering process in a VPL is sometimes extremely complex. We illustrate a plausible
(but idealised) instance in Figure 9. It would not be difficult to cast this process into the form of a computational
model, but the exercise is unnecessary to make our point: not all graphical structures are equivalent. Program
structures contain ‘knots’ which force working memory load on the reader. Essentially, information gathering in the
Gates notation is equivalent to traversing a maze. Interestingly enough, the text structures used in this study do not
contain similar knots; they make a better use of spatial topography than the graphical notations! (Figure 10)

A further conclusion, therefore, is that the study of cognitive processes involved in understanding graphs and tables
should not be limited to either the match-mismatch effect, or the faster speeds of scanning and processing graphical
symbols. The information structure of the graph must also be considered. In cases like these where the graphical
structure contains ‘knots’ but the textual version does not, the supposed advantages of graphics over text will prove
illusory. Instead, performance will be dominated by working memory limitations.
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if high:
if wide :
if deep : weep
not deep :
if tall : weep
not tall : cluck
end tall
end deep
not wide :
if long:
if thick : gasp
not thick : roar
end thick
not long :
if thick : sigh
not thick : gasp
end thick
end long
end wide
not high:
if tall : burp
not tall : hiccup
end tall
end high

Figure 1: an example of the Nest-INE notation (Text, Sequential).

howl :  if honest & tidy & (1azy | sluggish )
laugh: if honest & tidy & - 1azy & - sluggish
whisper : if honest & - tidy & ( nasty & greedy | ~ nasty & -~ greedy )
bellow : if honest & - tidy & nasty & - greedy
groan: if honest & - tidy & -~ nasty & greedy
mutter: if - honest & sluggish
shout : if - honest & - sluggish
Figure 2: an example of the And/Or notation (Text, Circumstantial).

The conditional structure shown is logically cquivalent to the structure shown in Figure 1, with
suitable change of labcls (¢.g. Bellow = Roar).
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Figure 3: example of the Boxes notation (Graphical, Sequential).
This notation is interactive. Mouse clicks on the true/false buttons toggle between the true and
false arms of the conditionals. Only one arm is visible at one time.

The figure shows the state of the display for Hungry = true, Thirsty = false, Lonely = true, Cold
= false. The value of Sleepy is irrelevant in these conditions, although it is relevant in other
circumstances (cf. Figure 1, where if High is false the values of Wide, Deep efc. are irrelevant).
The output is shown by sending a boolean value to each possible output. In this figure, the
output is Hop.

The conditional structure shown is is both logically and structurally equivalent to the structure
shown in Figure 1, with suitable change of labels (e.g. Hop = Roar).

The notation is exactly as used in LabView, although the interactive component was achicved by
writing a SuperCard emulation of LabView’s behaviour.
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_Figure 4: example of the Gates notation (graphical, Circumstantial). As in Figure 3,
input comes from the left (Sleepy, Cold, etc) and proceeds to the right. The gates perform the
operations gf AND (shown as A), OR (shown as v) and NOT (shown as -_.). '

The conditional structure shown is both logically and structurally equivalent to the structure
~ shown in Figure 2, with suitable change of labels (e.g. Orbit = Bellow), and is logically
equivalent to the structure in Figure 1, with suitable change of labels (e.g. Orbit = Roar).
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