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Abstract. The aim of this study was to consider the potential uses of human er-
ror identification (HEI) techniques in the development of a Personal Healthcare 
System (PHS) capable of delivering cognitive rehabilitation of activities of dai-
ly living (ADL) for stroke patients with limb apraxia (i.e., CogWatch). HEI 
techniques were able to predict a number of apraxic errors, as well as the asso-
ciated consequences. The results of the present study indicate that HEI analysis 
is a useful tool in the design of cognitive systems that seek to reduce or elimi-
nate errors in apraxic populations. The results will be implemented in the Cog-
Watch system and will be used to develop error reduction strategies that prevent 
errors from occurring, and to provide post-error feedback to help the user cor-
rect their actions. 
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1 Introduction 

After a stroke incident as many as 24% of patients suffer from persistent impairments 
of limb apraxia [1], a cognitive-motor deficit characterized by impairment in the per-
formance of skilled movement, which is operationally defined as a neurological dis-
order of learned purposive movement skill that is not explained by deficits of elemen-
tary motor or sensory systems [2]. Apraxia is frequently caused by relatively large 
lesions in the territory of the left middle cerebral artery (MCA), resulting in plegia of 
the contralateral right hand. In the case of right hand plegia, the patient has the use of 
only the ipsilateral left hand. Further, apraxia does not only affect the side of the body 
opposite to the cerebral lesion (contralateral limb), but also the ipsilateral side.  

In general, research has demonstrated that patients with apraxia have difficulty per-
forming many activities of daily living, often committing errors during action  
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planning and execution [3-5]. For example, patients will often omit an action (e.g., 
turn on the coffee maker without having inserted water) or use an inappropriate object 
(using a knife to stir the tea) during the performance of ADL [6-7]. Several case stu-
dies have shown that some error types are more frequent than others [8-12]. For ex-
ample, patients with left [6] and right hemisphere stroke [11] generally omit more 
steps and make more sequence errors during ADL performance. By comparison, addi-
tion errors, perseveration errors, quality or spatial errors, and semantic errors are less 
frequently observed than the more prominent errors.  

1.1 Applying Human Error Identification (HEI) to Cognitive Rehabilitation 
Systems 

Approaches to Human Error Identification (HEI) range from the generic taxonomies 
to task-specific failure mode approaches to probabilistic/fault-tree approaches. In 
Human Factors, perhaps the best known generic taxonomy is Reason’s [13] Generic 
Error Modeling System (GEMS) which considers human error in terms of varieties of 
slips, lapses and mistakes.  GEMS is based on a combination of diary study and acci-
dent review and provides a convenient means of classifying error at a high level.  A 
potential problem with applying high-level descriptors of error is that this does not 
readily lend itself to the design of specific tasks or products; working at a generic 
level means that one is often left with guidance which is generic and not specific to 
the design under consideration.  Consequently, task-based approaches consider the 
manner in which specific tasks could ‘fail’.  In his review of Human Error Identifica-
tion techniques, Kirwan [14] identified two approaches which follow the broad ap-
proach of Failure Mode analysis, i.e., identify the ways in which a given product (or 
task) is likely to fail, which satisfy the criteria he laid out for a good HEI technique.  
These approaches were SHERPA (Systematic Human Error Reduction and Prediction 
Approach) [15], and PHECA (Predictive Human Error Cause Analysis) [16].  Final-
ly, probabilistic approaches, such as HEART [17] seek to define the likelihood of an 
error occurring given combinations of Performance Shaping Factors. 

The purpose of the present study was to ascertain the potential uses of human error 
identification (HEI) techniques in the development of a Personal Healthcare System 
(PHS) capable of delivering personalized cognitive rehabilitation of ADL for stroke 
patients (i.e., CogWatch).  For the purposes of this paper, we apply a form of 
SHERPA to the tasks derived from a Hierarchical Task Analysis.  The assumption 
behind SHERPA (and related forms of failure mode analysis of human error) is that 
each task a person performs can either result in the desired outcome or can fail in 
some categorizable manner. Thus, for example, if the goal is to ‘pick up a cup’ then 
SHERPA codes the potential failure modes in terms of actions which could be per-
formed on the wrong object (so the person picks up a different object) or wrong ac-
tions on the right object (so the person performs another action with the cup, such as 
push it over) or the actions are not completed (so the person grasps the cup but does  
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not lift it). It is important to note that SHERPA’s categorization is agnostic as to the 
causes of these failures; it is only concerned with categorizing likely ways in which a 
particular goal is not achieved. In terms of reliability and sensitivity of techniques like 
SHERPA, Baber and Stanton [18] found an inter-rater reliability of 90%, a validity of 
0.8 (with the observation that failure mode approaches tend to have a high ‘false 
alarm’ rate, i.e., to over-predict errors which might not be observed). 

2 Procedure 

2.1 Participants 

Sixteen patients with limb apraxia resulting from lesions following a single cerebro-
vascular accident (CVA) who also showed clear signs of apraxia in clinical tests 
(mean age = 55.13 y, SD = 12.65, 3 left-handed, 13 right-handed, 8 men, 8 women) 
were examined. Seven patients suffered a right hemisphere lesion which resulted in 
right hand hemiparesis and were able to perform the task with only the left hand. The 
remaining nine patients were able to use both hands to perform the task. Sixteen neu-
rologically healthy individuals (mean age = 46.13 y, SD = 14.34, 3 left-handed, 13 
right-handed, 8 men, 8 women) served as control participants.  

2.2 Apparatus and Procedure 

Participants sat at a table with a dimension of 100 cm x 60 cm. There were a total of 
14 objects located on the work surface. Each participant was asked to perform a 2 cup 
tea-making task, in which one cup of tea required milk and two sweetener tablets, and 
the other cup of tea required a slice of lemon and one sugar cube. Subjects were in-
formed that all the things required to make the tea are on the table, and that they were 
to inform the experimenter if they required help stabilizing an object. Two trials were 
performed. Actions were recorded by a video camera (Panasonic HDC-SD909) lo-
cated 45° to the right side of the table.  

2.3 Hierarchical Task Analysis 

The first step in a HEI analysis is to obtain an appropriate HTA for the task. The HTA 
was drawn up by the lead author, and reviewed by the second author as well as two 
researchers from the Technical University of Munich. The root of the tree is referred 
to as the task end-goal. In this study the task end-goal was to make two cups of tea 
(cup1 required milk and 2 sweetener tablets, cup2 required a slice of lemon and 1 
sugar cube). The actions required to complete this task (i.e., sub-goals) are shown in 
the second level of the hierarchy.  
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Fig. 1. Hierarchical task analysis (HTA) for the 2 cup tea-making task 

2.4 Human Error Analysis 

In order to conduct the error analysis it was necessary to develop an error production 
table for the two tea-making task. The table contained information regarding the sub-
goal in which the error was made. The error analysis was not influenced by task inter-
leaving, thus the HTA described in the previous section could be divided into three 
sub- goal levels (heat water, make cup1, make cup 2). We also classified errors based 
on severity. Level 1 refers to errors that are recoverable, such as not pouring enough 
hot water into cup1. Level 2 refers to errors that prevent the participant from success-
fully completing the task (e.g., adding coffee to cup1). Level 3 refers to recoverable 
errors that result in potential harm to the participant (e.g., switching the kettle on be-
fore pouring water into the kettle). Lastly, Level 4 errors are those that prevent the 
participant from successfully completing the task and also result in potential harm to 
the participant (e.g., dropping the kettle when moving it to position over cup1).  

The error analysis prediction table (Table 1) was designed by the lead author, and 
reviewed by another researcher with apraxia error experience. Inter-rater reliability 
was calculated separately for potential errors, error severity, and sub-goal. The mean 
percent agreement was 93% (range 90-97%). 

There were a total of 54 identified possible errors that could be executed. Potential 
errors were categorized based on sub-goal and severity (Figure 2A and 2B, black 
bars). It was predicted that 24% of errors would occur in the heat water sub-task, 38% 
in the make cup1 sub-task, and 44% in the make cup2 sub-task. When errors were 
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categorized by error severity, it was predicted that 16% would be level 1 errors, 68% 
would be level 2 errors, 10% would be level 3 errors, and 14% would be level 4 er-
rors. The table also contained a description of each error and error classification. Be-
cause it was not feasible to use standard HEI error classification systems to classify 
errors in the tea making task, errors of action were classified in 12 categories based on 
previous apraxia literature [7].  

Table 1. Summary of action errors typically committed by apraxia patients, and the predicted 
and observed errors 

 

2.5 Consequence Analysis 

Based on the possible errors developed in the previous section, it was possible to pre-
dict the consequences for each of the identified errors. For example, if the participant 
switched the kettle on without adding water (error) this would burn out the element in 
the kettle (consequence). The list of potential consequences was developed by the first 
author, and reviewed by a trained assistant. The level of rater agreement was 97%.  
 

 
Error Type Definitions Example 

Sequence 
addition 

Adding an extra component action that is 
not required in the action sequence 

Adding instant coffee to cup2 

Sequence 
anticipation 

Performing a subtask earlier than usual Turning the kettle on before pouring water 
into the kettle 

Sequence 
omission 

An action sequence in which one subtask 
is not performed 

Turning on the kettle on without having 
inserted water 

Sequence Performing a subtask much later than 
usual 

Switch kettle on after preparing both cups 
of tea 

Ingredient 
omission 

Failing to add an ingredient required to 
complete the task goal 

Failing to put sugar into cup1 

Ingredient 
substitution 

An intended action carried out with an 
unintended ingredient 

Pouring coffee grounds instead of sugar 
into cup2 

Object  
substitution 

An intended action carried out with an 
unintended object 

Pour heated water into non-cup object 

Execution An error in the execution of the task Dropping a cup onto the table 

Misestimation Using grossly too much or too little of 
some substance 

Pouring half of the milk jug contents into 
cup2 

Mislocation An action that is appropriate to the ob-
ject, but is performed in the wrong place 

Pouring some liquid from the bottle onto 
the table rather than into the glass 

Quality  The action was carried out, but in an 
inappropriate way 

Putting the tea bag and the paper label into 
a cup 

Perseveration The unintentional repetition of a step or 
subtask 

Adding more than one sugar cup to cup2 
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3 Results 

3.1 Activity Sampling 

To ascertain how apraxic patients and healthy controls perform the 2 cup tea-making 
task two individuals (lead author and a trained assistant) scored the recorded videos 
separately with respect to the sub-goals in Figure 1. Inter-rater agreement was 95.4%. 
Activity sampling provides an opportunity to describe alternative ways in which sub-
goals can be sequenced. For ease of reading, specific information regarding plans 
have been omitted from the HTA diagram.  That said, in general it was observed that 
control participants performed the sub-goal “heat water” using varying plans, whereas 
the apraxia patients always used the same plan. For the sub-goal “make tea” there was 
no clear preference for an action sequence plan for either control participants and for 
apraxia patients. Furthermore, there was a distinct difference in “make tea” plans 
between the groups, such that control participants preferred one set of action plans, 
whereas the apraxia patients preferred another set. Lastly, and perhaps most interes-
tingly, both control and apraxic individuals used a different action plan for the first 
and second trial for the sub-goal “make tea.” 

3.2 Human Error Analysis 

Analysis indicated that control participants successfully completed the task in 88% of 
trials. There were four errors committed, which was comprised of two ingredient 
substitution (adding sugar cubes instead of sweetener to cup2), and two ingredient 
omission errors (failing to add milk to cup2). In contrast, apraxia patients committed 
errors in 57.1% of trials, with a total of 50 errors recorded. The number of errors per 
trials ranged from 0 - 7 (mean = 2.84, SD = 2.0). Table 2 presents a summary of the 
HEI error analysis, restricted to errors which were observed on more than two occa-
sions (due to the large number of possible errors that were committed). 

The most frequently occurring error was that of ingredient omission (30% of er-
rors), with patients typically failing to put tea bags into one or both cups, or adding 
one or both sweetener tablets to cup2. There were also a number of trials in which 
apraxia patients placed too much of too little of an ingredient into either cup (mises-
timation = 20%), omitted a step in the action sequence (sequence omission = 16%), or 
substituted an unnecessary ingredient for a necessary one (ingredient substitution = 
16%). There was a small number for sequence addition (6%), quality (4%), execution 
(4%), sequence anticipation (2%) and sequence (2%) errors. Lastly, we did not ob-
serve any mislocation or perseveration errors.  

Errors were also categorized based on sub-goal and severity. Analysis indicated 
that the number of errors produced by apraxia patients was higher for the “make 
cup2” (42%) and the “make cup1” (34%) sub-tasks, compared to the “heat water” 
sub-task (24%). When errors were classified by error severity, it was evident that the 
vast majority of errors (82%) resulted in a fatal error that prevented the successful 
completion of the task (level 2). There were also a small number of trials involving  
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level 1 (recoverable error: 10%) and level 4 (fatal error that also resulted in potential 
harm to the user: 8%). There were no recoverable errors that resulted in potential 
harm to the participant (level 3). 

Table 2. Outcome of human error analysis 

 
 

The observed errors were then compared to those predicted. That analysis revealed 
that HEI analysis successfully predicted 24 of the 26 observed errors. In our predic-
tions we classified the act of adding coffee into cup1 or cup2 as an addition error (i.e., 
adding coffee and a tea bag), but did not consider the possibility that an individual 
would add coffee instead of a tea bag (ingredient substitution error). We also failed to 
include the “not waiting for the water to boil before pouring water” error (quality 
error). However, as is often the case in HEI, there were a number of predicted errors 
that were not observed (44%) in these trials.  In contrast to our expectations, apraxic  
 

 
Task 
Step 

Error 
Category Description Consequence Error 

Severity 
# 

trials 

1 SO Fail to put water into 
kettle 

Unable to heat water 4 3 

 Q Not waiting for water to 
boil 

Water will not be hot enough 
to infuse tea ingredients 2 2 

1.4 ME Not pouring enough 
water into kettle 

Unable to make 2 full cups of 
tea 1 3 

2.1 IO Fail to add teabag into 
cup1 Required ingredient not added 2 3 

 IS Add coffee instead of tea 
bag into cup1 

Required ingredient not added, 
Incorrect ingredient added, tea 
will have incorrect taste 

2 4 

2.2 SO Did not pour water into 
cup1 

Incorrect ingredient added, 
unable to make a cup of tea 2 2 

2.3 ME Add more than one sugar 
cube 

Incorrect ingredient added,  
tea will have incorrect taste 2 2 

2.4 IO Fail to add lemon to cup1 Required ingredient not added 2 4 

3.1 IO Fail to add teabag into 
cup2 Required ingredient not added 2 3 

 IS Add coffee instead of tea 
bag 

Required ingredient not added, 
Incorrect ingredient added,  
tea will have incorrect taste 

2 2 

3.2 ME Not pouring enough 
water into cup2 

A full cup of tea will not be 
made 2 2 

3.3 IO Fail to add milk to cup2 Required ingredient not added 2 2 

3.4 IO Fail to add sweetener to 
cup2 Required ingredient not added 2 3 

 IS Add sugar instead of 
sweetener 

Incorrect ingredient added, 
Required ingredient not added, 

 
2 2 

 EX Drop sweetener tablet 
outside of cup2 

Required ingredient not added, 
possible ingredient contamina-
tion 

1 2 
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patients did not commit mislocation (e.g., pouring milk into water jug instead of 
cup1) or perseveration errors (repeatedly performing the pour water into the kettle 
sub-task).  

3.3 Consequence Analysis 

The HEI technique was particularly useful when the predicted consequences were 
compared with what was actually observed. With the exception of one error and its 
associated consequence (switch kettle on an incorrect time which leads to the burn out 
of the element), all consequences were observed after their respective error occurred 
(96.1% successful prediction).    

3.4 Error Reduction Strategies 

Based on the obtained results it was possible to generate a list of possible error reduc-
tion strategies that could implemented in a cognitive rehabilitation system in order to 
reduce or prevent errors in apraxic populations. These strategies were divided into 
prospective and feedback. Prospective strategies include verbal and visual spatio-
temporal cues (via simulated avatars) that indicate the next most probable action se-
quence of the task. Feedback strategies include auditory messages generated by the 
CogWatch virtual task execution (VTE) module, and vibration signals (constant and 
pulsed) delivered through the CogWatch wrist device. The strength and the content of 
the feedback warning signal will depend on the error severity of the error committed. 

4 Conclusions 

In summary, the results of the present study indicate that HEI analysis is a useful tool 
in the design of cognitive systems that seek to reduce or eliminate errors in apraxic 
populations. HEI techniques were able to predict a number of apraxic errors, as well 
as the associated consequences. The apraxia results are to be implemented in the 
CogWatch system and will be used to develop error reduction strategies that prevent 
errors from occurring, and to provide post-error feedback to help the user correct their 
actions. The observed probabilities associated with action sequencing and error analy-
sis will be integrated into the CogWatch action recognition task models. 
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