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ABSTRACT: MHP/GOMS is used to examine the user effort involved in reissuing com
mands with and without using history tools. Compared to typing, using a history tool for 
command specification requires more mental effort but less physical effort. However, 
non-expert typists expend less overall effort using history tools. Also, based on our experi
ences with using MHP/GOMS to explore "what if" scenarios, we found some serious gaps 
and limitations. More research, documentation and training is required. Despite the draw
backs, MHP/GOMS is useful as a "tool for thought", as a "tool for explaining user 
behaviour", and as a basis for analyzing the user effort issue. 

1. INTRODUCTION 

History tools allow users to access past interactions 
kept in a history and to incorporate them into the 
context of their current interactions. Previous stu
dies of user support have largely ignored history 
tools. We present one study, in a series, examining 
factors influencing the use of history tools; 
specifically, user effort [Lee, 1992a]. 

We examine three user-effort concerns. First, would 
users expend more mental and physical effort using 
history tools to accomplish a task? Second, what are 
the tradeoffs in mental and physical effort with and 
without using a history tool? Finally, what are the 
implications for the design of history tools? 

Cognitive modelling, specifically MHP/GOMS 
[Card, Moran, & Newell 1983 and John 1988], is 
used to conduct the analysis. Also, the effectiveness 
of MHP/GOMS for exploring different proposed 
designs is examined (i.e., answer "what if" ques
tions). Our experiences with using cognitive model
ling are presented. 

2. OVERVIEW OF STUDY 

Since user interactions recur often, an analysis of 
user effort with and without using history tools 
would be useful [Greenberg & Witten 1988; Lee, 
1990; Lee & Lochovsky, 1990]. 

2.1. Cognitive Modelling Framework 

The Model Human Processor (MHP) is a general 
characterization of human information processing. 
Its architecture includes three processors (percep
tual, cognitive, and motor), their memories, and a set 
of principles of operation. Elemental acts of the 
processors are referred to as operators. Goals, 
Operations, Methods and Selection Rules (GOMS) 
is a representation for describing the user knowledge 
and actions needed to perform a task. A task 
analysis in the MHP/GOMS framework involves 
subdividing a task into the gross functions per
formed by each MHP processor and decomposing 
these functions into sequences of operators [Card, 
Moran, & Newell 1983; John 1988]. 

Cognitive models can be formulated at different lev
els of the framework. The Keystroke Level Model 
is formulated at the level of the MHP processes. 
The Immediate Behaviour Model is formulated 
within the MHP architecture [John, 1988]. Immedi
ate behaviour is the direct mapping of a stimulus 
into a response without problem solving or planning. 
It is generally associated with reaction-time tasks. 
Both types models are used in this study because the 
modelled task incorporates many of the routine 
activities bridged by the keystroke and immediate 
behaviour levels. 
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2.2. Modelled Task 

There are three subtasks involved in issuing a com
mand: command generation, method choice, and 
command specification. Command generation is the 
task of mentally generating the user command. 
Method choice is the task of choosing the method to 
externalize the desired command. Command 
specification is the task of issuing the desired com
mand. The analysis focuses on command 
specification. Method choice and command genera
tion are not considered in the study because the 
framework cannot model these tasks. 

Two methods are available for specifying a 
recurrent command: typing and using a history tool. 
Three history-tool designs involving recall and/or 
recognition capabilities are examined (i.e., command 
feature, history menu class, and step buffer class). 

Command Feature Users recall the desired com
mand from their history list based on a unique com
mand feature. Four variations, based on UNIX csh, 
are considered: 
Name- /name repeats the last command with name. 
Number- !number repeats command number. 
Argument- !?argument repeats the last command 
containing argument. 
Last Command- ! ! repeats last command. 

History Menu Users recognize the desired com
mand from a visual display of a portion of their his
tory list. Two variations are considered: 
Popup- Users select command from a popup menu. 
Static- Users select command from a static menu. 

Step Buffer Users use one or a combination of 
recall and recognition capabilities to peruse and 
select the desired command. Three variations are 
considered, two from UNIX tcsh while the third is 
based on the filename completion capability from 
csh and tcsh: 
Single Step- Users single step to the command. 
Recall & Step - Users recall how recent the com
mand is and single steps to it. 
History completion on command name- Users type 
a command name and press the completion key. The 
system presents the most recent command matching 
the given name. If the item is not the desired one, 
the user repeatedly presses the completion key until 
the desired one is presented. 

2.3. Constraints of the Study 

The main concern of the study is to use cognitive 
modelling to explore the user effort issue. It is not 
to develop the cognitive modelling methodology. 

Thus, the study is subject to the following three limi
tations of the methodology. 

First, we only model command specification because 
the current MHP/GOMS framework cannot model 
command generation or method choice tasks. Also, 
we assume that command generation and 
specification are independent and that the command 
is generated fully and stored in working memory. 
These assumptions are gross simplifications of the 
task but they permit a preliminary study of the user 
effort issue. We are able to explore the advantages 
and disadvantages of using history tools and typing. 

Second, we only model expert, error-free, user 
behaviour associated with command specification. 
However, there is value in such a study because it 
examines the user effort issue under optimal condi
tions (i.e., lower bound on user performance). 

Finally, we assume that the command specification 
task is a routine cognitive skill. Three arguments 
support such an assumption. First, skilled routine 
performance does not involve learning. Second, the 
highly repetitive nature of user interactions (75%) 
presents plenty of opportunities for becoming skilled 
at re-issuing commands [Card, Moran, & Newell 
1983; Greenberg & Witten, 1988; Lee & Lochov
sky, 1990]. Third, some command specification 
subtasks (e.g., menu selection, history menu search, 
keystroke, memory retrieval) are prevalent in 
modern user interfaces. Thus, they are a routine and 
skilled part of user interactions. 

2.4. Estimates for Predictions 

A number of MHP operators and application
specific parameters are used. Each MHP operator is 
a specific elemental act of the associated MHP pro
cessor (e.g., MK is the motor M operator for pressing 
a key). Each application-specific parameter charac
terizes an aspect of UNIX command specification 
(e.g., n0 is the average number of characters in a 
UNIX command name). 

MHP Operators Table I lists the durations of the 
MHP operators used in the analysis. Card, Moran, 
& Newell (1983)'s original list did not contain three 
MHP operators: associative memory retrieval, menu 
search, and drag with mouse. 
associative memory retrieval - retrieve an arbitrary 
abbreviation [John, 1988]. 
menu search - retrieve an item from a history menu 
[Lee & Lochovsky, 1991]. 
drag with mouse - drag pointer to a menu item 
[MacKenzie, Sellen, & Buxton, 1991]. 
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Parameters for 
Component Processes 

Cognitive Operators 
eE Execute a mental step 
eM Retrieve from memory 
ecRr Choice reaction time 

Perceptual Operators 
P1 Perceive an image 
P E Eye movement 
Ps, Menu Search - Intercept 
Ps, Menu Search- Slope 
Ps(l) Menu Search-Overall 

Motor Operators 
M8 Press a button 
M K Type a character 

Best (135 wpm) 
Good (90 wpm) 
Avg skilled (55 wpm) 
Avg non-secty (40 wpm) 
Worst typist 

MP. (l) Point to lth menu item 
Mv. (l) Drag to lth menu item 
My Home to input device 

Time 
(msec) 

lOOt 
230t 
690§ 
110§ 

690+ 110 I§ 

70t 

sot 
120t 
200t 
280t 
1200t 

-107+2231og2(/+ 03 

135+249lo~2(1+1)0 
360 

t [Card, Moran, & Newell, 1983], pp. 25-28, 32, 69, 74, 240, 
237,264. 
§ [Lee 1992a], pp. 136. 
a [John, 1988], pp. 44. 
l) [Mackenzie, Sellen, Buxton 1991], pp. 165 

* [Olson & Olson, 1990], pp. 240. 

Table 1: MHP Operators used. 

Application-Specific Parameters Table 2 lists the 
values for parameters characterizing UNIX command 
specification and history use. The values for all but 
two parameters are derived from an analysis of 
Greenberg (1988)'s UNIX command traces. 
The probability of a command at a menu position 
(p1) mirrors the locality behaviour [Lee & Lochov
sky, 1990]. It is the same one used in the menu 
search experiment [Lee & Lochovsky, 1991]. The 
average number of command lines with the same 
command name in a locality set (e) is based on 
empirical evidence that no more than three com
mand lines with the same command name occur 
within the same locality set. We assume that each 
occurrence is equally likely. 

2.5. Method 

We assume that typing is the default command 
specification action. Hence, whenever a history tool 
is used, the user must switch from typing to using 
history tools. This switching operation incurs an 
additional long-term memory retrieval CM for each 
history-based design. This is a reasonable 

assumption because users must additionally think of 
the history command to use. 

Parameters for Characteristics 
of UNIX Command Specification 

& History Usage 

Probability of Command Line 
Pu With no arguments 

Probability of search item at l = 1-8 

Pt Small locality sets 

Average Number of 
e Similar command lines examined 
a Command arguments 

Average number of characters in 
n0 Command name 
nA Command arguments 

Average Number of Items Examined 
8 

'i)p1 Small locality set 
1-1 

Values 
Mean±SD 

.37 ± .19 

.26,.24,.22,.20, 
.02,.02,.02,.02 

2 
1.56± .52 

3.28± .57 
5.31 ± 1.37 

2.72 

Table 2: Application-specific estimates. 

eM 
eE 
MH 
eE 
Mv.(l) 
s 
P,v(l) 
eE 
MH 

Cost 

Get-PopUpMenu () 
Initiate() 
Home() 
Initiate() 
Drag ("Item at Position I") 
Wait-System-Response() 
Match ("Item at Position l") 
Initiate() 
Home() 

8 

eM+ 2MH + 3eE + S +LJ1,(Ps(l) + Mo.(l)) 
I~ I 

Figure 1: Task description for the popup menu. 
A description of the command-specification task was 
generated for each proposed design. The sum of the 
operators in each model represents the user effort for 
the associated design (see Figure 1 ). Each user 
effort prediction is partitioned into a mental and a 
physical component (see Table 3). The mental 
effort component includes all cognitive and percep
tual operators for a design. The physical effort com
ponent includes all simple motor, menu selection, 
and keystroke operators for a design. In addition, 
some designs include a system effort component 
which includes all user pauses. As a simplification, 
this component is represented by S even though it 
may differ across designs. 

2.6. Accuracy of Predictions 

A goal of MHP/GOMS modelling is to predict per
formance with an accuracy of 80% or more [John, 
1988]. Prediction error is the absolute difference 
between the mean observed and predicted times as a 

lOOt 
230t 
690§ 
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percentage of the mean observed times. To deter
mine the accuracy of our predictions, we conducted 
a validation experient. We measured the actual time 
to perform one design from each of the three classes 
of history-based designs (i.e., ! ?argument, popup 
menu, and single step) and typing [Lee, 1992b]. 

Proposed Mental Physical System 
Designs Effort Effort Effort 

Typing 17.5e£ = 1220 !0.5MK 

CmdFeature 
!! 2eM + 3eE = 2610 3MK 
!name eM+ 7.3eE = 2750 5.3MK 
!number 2eM +SeE= 3050 SMK 
!?argument 2CM + 9.3CE = 2610 S.3MK 

History menu 
8 

eM +3eE + LPIMv.(l) 
Popup 1~1 s 8 

'iP1Ps(l) = 2399 +2MH 
1·1 

8 

eM +3eE + DIMP_(l) 
Static I=l 

8 

LP1Ps(l) + PE = 2629 +2MH 
1~1 

Step Buffer 

Single step 
eM+ 4.7e£ + Ps, + 

2.7Ps, +2.7P1 =2790 
3.7MK 2.7S 

Recall & step 
2eM + 5.7eE + Ps. 

Ps, + P1 = 3700 
3.7MK s 

History eM +9.3eE + 6.3MK 2S 
completion 2Ps, + 2P1 = 2270 

Table 3: User effort for all designs. 

A comparison of the observed and predicted times 
revealed that the predicted times are within this 
stated goal. The mean absolute prediction error of 
the three history-based designs is 11% while the typ
ing method had an absolute prediction error of 30%. 
The higher prediction error occurred for the ! ?argu
ment and typing tasks (i.e., 19% and 30%, respec
tively). They are attributed to a poor technique for 
estimating the keystroke operator MK. 

We also compared the accuracy of our predictions 
with the results of two other studies (i.e., Card, 
Moran, & Newell (1980) and John (1988)). Our 
four designs have a mean prediction error of 13% 
compared to 16% and 19% for the other two studies. 

2.7. Results and Discussion 

The task descriptions are detailed in Lee (1992a); 
Figure 1 illustrates the task description for the popup 
menu design. Table 3 lists the user effort equations 

obtained by substituting the values for the 
application-specific parameters. Assuming that sys
tem response time is negligible, S == 0, Figure 2 plots 
the time to perform each proposed design as a func
tion of keystroke operator times M K. 

0 
g ... 
g 
~ 

""~ 
~ 
f-o 
(])0 
-0 
~0 
a.~ 

E 
0 
Oo 
0 0 -o 
m<X> 
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i= 
~§ 
~CD 

• Typing 
0 !name 
~ lrargument 
<> Recall & Ste~ Buffer 
~ ~~~~~ ~~~ uffer 
Ell History Completion 

200 400 600 800 
Keystroke Times 

iOOO 

System Response Time (S) = o msec 

i200 

Figure 2: Time to perform each design is plotted as 
a function of keystroke times (See MK in Table 1). 

Compared to typing, command feature designs need 
less physical effort and more mental effort. They 
require a range of mental effort (i.e., 1.7 sees. to 3.1 
sees.). 

In history menu designs, the static menu design 
requires less physical effort than the popup menu 
because it does not require holding a mouse button 
down for menu selection. Despite the small over
head costs associated with screen real estate for a 
menu and switch in focus of attention, the benefits of 
the static menu design are reduced performance 
time, constant feedback of the contents of a history, 
and no pauses due to the display of a menu. 

All step buffer designs require pauses for system 
response; the number of pauses depend on the 
number of items a user examines. If these time are 
negligible, pauses are not a deterrent. These designs 
minimize either physical effort or mental effort. 

Most pure recall designs need less physical effort 
and more mental effort. Mental effort is attributed 
to a memory retrieval of a feature of the desired 
command (e.g., command number). Therefore, 
recall designs that require simpler mental operations 
and fewer physical operations will compete 
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favourably with typing, especially when users have 
average non-secretarial typing skills or better. 

Most pure recognition designs need a different input 
device. Hence, extra overhead (.7 seconds) for 
homing to the input device is incurred. However, 
some recognition designs are faster than recall 
designs requiring typing skills (i.e., 40 wpm or 
more). They need less physical (1 sec.) and mental 
effort (compare 690 + 1101 msecs. for menu search 
to 1200 msecs. for a mental operation). Further
more, they feature ancillary benefits such as visual 
display of a user history. 

The pure recall designs use primarily memory 
retrieval and typing operators. Hence, they gen
erally perform better than the pure recognition 
designs when expert and good typists are con
sidered. The bulk of the mental effort in a pure 
recognition design is attributed to visual search. In 
relation to the pure recall designs, the recognition 
designs using menus are advantageous for less 
skilled typists when their menu selection times are 
less significant compared to their keystroke times. 

Compared to the pure recall designs, a combined 
recall and recognition design is neither superior in 
mental (2.3 sees.) nor physical effort (6.28 MK)· 
Compared to the two pure recognition designs, it 
requires less mental effort but more physical effort 
for users with average or worse typing skills (i.e., 
less than 55 wpm). In general, the combined design 
provides no substantial benefits compared to the 
pure recall or pure recognition designs because it 
requires a large variety of operators (see Table 3). 

Typing requires less mental effort (1.2 sees.) than all 
the history-based designs. It favours less mental 
effort at the expense of more physical effort 
(l0.5MK). Therefore, with less skilled typists, typ
ing actually incurs a heavy penalty. In fact, more 
effort is incurred, compared to all history-based 
designs, when non-typists are involved (i.e., non
secretarial and worst typists). These non-typists are 
faster and require less overall effort using a static 
menu design than typing. 

3. ~XPERlENCES WITH USING MHP/GOMS 

The inmaturity of MHP/GOMS constrained the 
scope of our analysis. We modelled only a portion 
of the user task (i.e., command specification) and 
even then only an idealized version (i.e., expert, 
error-free, user behaviour). User effort questions 
concerning the effect of command generation and 
method choice tasks or the effect of errors remain 
unexplorable using this framework. 

More research on cognitive modelling remains to be 
done before such quesions can be examined. 
Despite the methodology's constraints, our analysis 
has some value. First, expert, error-free behaviour 
represents near optimal user behaviour. Thus, these 
predictions represent a lower bound on task perfor
mance. Second, studies examining design alterna
tives can identify the methodology's gaps and limi
tations. As such, they can drive efforts to broaden 
the methodology's scope, applicability, and useful
ness. Third, with more research on cognitive model
ling, we can expand and refine our analysis. 

Recent extensions to the MHP/GOMS framework 
reveal that mental operators are not of similar dura
tion as was proposed in Card, Moran, Newell 
(1983). Our menu search operator consists of per
ceptual and cognitive operators. It is an example of 
a mental operator which is not constant; its value is 
dependent on where the target item is located in a 
menu. Also, our designs involved a number of dif
ferent mental retrievals which are assumed to 
require equivalent duration (CM = 1200 msecs.). A 
finer grained analysis and better distinctions between 
proposed designs would be possible if we could dif
ferentiate these mental operators. 

The lack of a detailed set of guidelines and rules 
made it difficult to decide whether certain operators 
were needed. It is often difficult to know the under
lying mechanisms that drive the internal processes 
involved in performing a task and whether the 
analysis successfully explains and predicts perfor
mance. These problems are not unique to 
MHP/GOMS but permeates all forms of cognitive 
modelling. To some extent, current cognitive 
models are guesses of what the underlying mechan
isms are. This represents the greatest deficiency of 
cognitive modelling. We need to take much of the 
guess work out of developing cognitive models. as 
John (1988) suggests, "only by producing more suc
cessful cognitive modelling cases ~.:an we hope to 
extract the elements of truth about our guesses and 
to formulate task analysis rules and guidelines". Of 
course, designers also need adequate training in cog
nitive modelling in order to generate reasonably 
accurate and valid predictions. 
A comprehensive description about MHP operators 
is needed because not all operators involve single 
acts of the MHP processors. In fact, many MHP 
operators (e.g., Ps(l), CM, MD .. (l), Mp .. (l)) are com
posed of several MHP processor actions. The 
descriptions should provide an operational definition 
along with its estimate (see John (1988), pp. 44). 
Otherwise, the same operator may be counted twice. 
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A case in point is the operator based on Fitts Law. 
Experiments to determine its parameter estimates 
generally involve a series of reciprocal tasks. Each 
tapping task is delimited by the end of one tap and 
the start of the next. Thus, the elapsed time between 
two taps incorporates the mental and physical opera
tions associated with each tapping task. 

Cognitive models are considered as tools for predict
ing user behaviour. However, they are also useful as 
"tools for explaining user behaviour" and "tools for 
thought" [Newell & Newell 1985]. That is, 
MHP/GOMS embodies a theory of human informa
tion processing. In the course of doing the analyses, 
designers are made aware of the human information 
processing requirements of a task. The analyses can 
reveal information that run counter to an designer's 
own intuitions. These byproducts of cognitive 
modelling should not be ignored or underrated, espe
cially in light of the fact that current cognitive 
models and their predictions have many limitations 
and need further improvements. 

4. CONCLUSIONS 

In summary, our study revealed that, compared to 
typing, a history-based design for command 
specification requires more mental effort but less 
physical effort. The additional mental effort is due 
to memory retrieval of actions. However, if simpler 
mental retrieval operations are used (e.g., working
memory retrieval or visual search), history-based 
designs can compete favourably with typing. 
Finally, despite the penalty associated with switch
ing from typing to history tools, non-expert typists 
using history tools do expend less overall effort. 

We were able to perform analyses with 
MHP/GOMS, but we encountered serious gaps and 
limitations. More research, documentation, and 
training is required to permit deeper explorations of 
design issues. Despite these drawbacks, there are 
some benefits to using MHP/GOMS. The primary 
ones being "tools for obtaining explanations of user 
behaviour", "tools for thought", and a basis for 
refining and expanding our analysis of user effort. 
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