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ABSTRACT
Virtual environments involve the user in an interactive three-dimensional computer generated environment. The methods of
interaction typically involve direct manipulation of virtual objects via three-dimensional trackers. The tracking signal may be degraded in various ways, impacting the ability of the user to perform various tasks. This presentation will address the impact of two
types of degradation in the tracking signal, lag (transport delay) and low frame rate. These degradations are common in existing
virtual reality systems. While the impact of lag on human performance is comparatively well studied, the impact of low frame rate
has not been widely studied. The impact of lag and low frame rate on two tasks will be compared and studied: Pursuit tracking
and placing. The tasks will be studied in a two-dimensional context, eliminating ambiguities due to three-dimensional perception
and display. Simple conclusions will be drawn that can serve as guidelines for developers designing interactive virtual environments. The relationship between these conclusions and theories of human performance will be briefly addressed.

1. INTRODUCTION
1.1. Purpose and motivation
Tracking tasks are critical to human performance in real-time interactive computer graphics applications. In realistic computer
systems and applications, however, various distortions occur in both the tracking and the presentation of the resulting graphics
[1][2][3][4]. The tracking devices may be inherently inaccurate, as well as subject to filtering and processing delays [1][2]. It is
in the nature of computer graphics systems to introduce lags (or delays) and discrete sampling through animation frame rate into
the visual feedback presented to the person performing the tracking task. It is well known that good visual feedback is critical in
the performance of tracking [3], as well as picking and placing tasks. In this paper we will study two types of distortion that are
introduced in this feedback: delays and sampling due to low frame rates. We shall study the effects of these distortions on human
performance, arriving at simple rules stating what one can expect in particular situations. We shall be not be concerned in this
paper with inaccuracies, filtering or other sources of distortion, though they will certainly have an impact on performance.
Tracking and picking and placing tasks are common in many applications, particularly in so-called virtual reality or virtual
environment applications [5][6]. In virtual reality, a dominant interaction paradigm is “direct manipulation”, in which the user uses
a three-dimensional tracking device, such as a Polhemus 3Space tracker, to “pick up” and move objects in the virtual environment
directly to a desired location. In an ideal system the perceived position of the user’s hand in the virtual environment exactly matches the actual position of the user’s hand relative to the user’s head. This is a generalization to three dimensions of the common
paradigm of using a mouse to pick up and move objects on a two-dimensional screen.
One can decompose the basic direct manipulation task described above into the placing of the hand cursor over the position
of the object to be picked up, and then moving of the hand cursor to where the object is to be released. The ease with which the
user can accurately place the hand cursor at the desired location will determine the ease with which the user can perform direct
manipulation tasks in the virtual environment.
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Another task which is often encountered in virtual reality applications is the task of tracking and sometimes catching a moving
target. Sometimes the motion of the target will be predictable, sometimes it will be unpredictable. The accuracy with which the
user can track the target is an important determinant of the ease with which the tracking task can be performed.
The results in this paper are to be considered as preliminary. The series of experiments run on each subject is rather thorough
and time consuming. Only two subjects have completed the full experimental sequence. Though most of the results are consistent
between the two subjects, testing on more subjects is required before the results in this paper can be considered confirmed.
In this paper the tracking and placing tasks will be studied independently. Those elements common to both experiments will
be described in the remainder of this section. In both experiments, existing work relevant to the study will be sketched, the experimental protocol will be described, and the results of the experiments presented. Finally some brief comments will be made.

1.2. Definitions of lag and frame rate
As mentioned above, lag and frame rate are two common types of dynamic distortion in real time computer graphics systems.
In this paper, lag refers to a time offset in the data stream from the tracker to the graphical image. There are several sources of lag
in a typical computer system:
•
•
•
•

delays in the tracker signal [1]
delays in communication between the tracker and the computer system
delays due to computations required to process the tracker data
delays due to graphical rendering

The total lag will be the result of the combination of all these sources of lag. Lag in mouse-based real-time interactive systems
can range from 0.01667 to 0.5 seconds. Lag in typical nontrivial virtual reality applications, which have additional lag introduced
by three-dimensional tracking devices, range from 0.1 to 0.5 seconds. Systems with lags longer than about 0.5 seconds will not be
considered real-time interactive.
The frame rate of a real-time interactive graphics system is the rate at which new frames of the computer graphical scene can
be computed, rendered and displayed. This rate is also known as the animation frame rate. The frame rate is determined by the
frame time, the time necessary to compute, render, and display a scene. The frame time will, of course, depend heavily on the
nature of the application and the scene being rendered. Some applications require essentially no computation and very simple rendering, while others require considerable computation and rendering in response to user movement. There are several sources of
low frame rate in typical computer graphics systems:
•
•
•
•

computation required to process tracker data
computation of the effects of the user’s movement
graphical rendering time
communication overhead in distributed systems

The total frame time will result from a combination of these frame times. Typical frame times in current computer graphics
systems range from 0.016667 seconds = frame rate of 60 Hz, to 0.5 seconds = frame rate of 2 Hz. As is the case with lag, we shall
not consider systems with frame times greater than 0.5 seconds = 2 Hz.

1.3. The experimental environment
The studies of the impact of lag and frame rate in this paper are intended to shed insight on the performance of tasks in threedimensional virtual environments. It is difficult, however, to isolate the effects of lag and frame rate from the effects of other distortions that are common in virtual environment systems. Three-dimensional trackers typically suffer from significant inaccuracies
and limited range. The perception of three-dimensional relationships is critical for placing and tracking in three dimensions.
Though virtual environments have made significant progress in providing three-dimensional displays, there are still significant
problems in these displays and a great deal to be studied as to how effective they are. For these reasons we have chosen to study
the impacts of lag and frame rate in a highly controlled two-dimensional environment taking advantage of mature tracking tech-
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Figure 1: Timing diagram for cursor display with delay, frame rate, and combination.
nology in the form of a conventional mouse. Working in two dimensions eliminates uncertainties about issues of three-dimensional
perception, while tracking with a mouse provides essentially perfect tracking which can be used for baseline studies and artificially
degraded by introduction of lag.
The graphics platform used is a Macintosh IIci computer with conventional mouse input. This system was chosen for convenience, and because it provides a reliable scheduling mechanism which allows a routine to be executed at exactly 60 Hz. This
Macintosh provides a graphics interface, and sufficient computational power to perform the required computations of both the target and the user’s cursor within 0.01667 (=1/60) seconds. In all experiments, the background color of the screen was black. The
experimental area of the screen is 24.13 x 17.145 cm, with a resolution of 640 x 440 pixels. The pitch of the monitor used is about
0.0377 cm/pixel. The user’s cursor was a white 3x3 (0.113 x 0.113 cm) pixel square. The target was green, with a shape and size
that depended on the experiment performed.
The experimental subjects in this experiment were experienced mouse users. One of the subjects was experienced with systems which had long delays and low frame rates, while the other was not. We wish to reiterate that the results reported in this paper
are preliminary only, as only two subjects have been tested.
The 60 Hz interrupt cue was used to drive the experiment and artificially introduce lags and frame rates into the system. During each 60 Hz call, the following steps were performed:
•
•
•
•

The target was processed in ways dependant on the experiment
The current mouse position is read and placed into a user position history buffer
For delay, an offset into the user position history buffer is used to provide a delayed user cursor position
For frame rate, if a preset number of interrupt cycles have not passed since the last presentation of graphics,
routine exits

• The old user cursor (and target when the target is moving) is erased from the screen
• The new user cursor (and target when the target is moving) is drawn on the screen
Thus at time t, the user’s mouse movements at time t-∆tD were displayed on the screen, where ∆tD is the lag and is equal to
(delay offset/60) seconds. Every ∆tF seconds the screen is redrawn, where ∆tF is equal to (the number of interrupt cycles between
frames)/60 seconds. The resulting timing with respect to user cursor position is shown in figure 1. A similar timing diagram is
applies to the target motion in the tracking experiment. Most results quoted in this paper apply to the conditions of pure delay (∆tF
= 1) or pure frame rate (∆tD = 0).

2. TRACKING
2.1. Background
The ability to track a continuously moving human target depends on both the amplitude and frequency content of the target
motion. It is most convenient to describe the target motion in terms of its Fourier components, decomposing the motion into sinusoidal waves of fixed frequency, amplitude and phase. Assuming that the subject can position herself optimally, it can generally
be stated that for sinusoidal oscillations with a fixed amplitude higher frequencies are more difficult to track than low frequencies
[3]. The difficulty increases as the amplitude increases due to the accelerations required. Generally, the upper limit of the frequencies that can be tracked is roughly five Hz.
The impact of delays on tracking performance has been widely studied both in the context of computer graphics and telerobotics [3][4][7], and has been found to increase the tracking error at a fixed frequency. In particular, the falloff of accuracy with
frequency has been shown to increase in the presence of lags. Tharp et al found a linear relationship between tracking error and
time delays for delays in the 0 to 0.5 second range [4]. Measurements of the ability to keep a cursor on a target in the presence of
a time delay indicate that the amount of time the cursor can be kept on the target decreases linearly with an increase in the time
delay [8].

2.2. Tracking experiment design
In the tracking experiment, a target is moved in a path defined as sum of 10 sinusoids. The phases of the sinusoids are randomized from experiment to experiment so that the path of the target will be unpredictable. The target is drawn as a green 5x5
pixel (0.1885 x 0.1885 cm) square on the white background. The base frequencies of the sinusoidal components of the target motion range from 0.005 Hz to about 2.39 Hz. The amplitude of each component decreases rapidly with frequency as shown in figure
2. These base frequencies are multiplied by a factor ranging from 0.5 to 3. The amplitudes of each component is scaled so that
the target motion fills the entire screen.
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Figure 2: The basic power spectrum of the target motion in terms of frequency (left) and period (right).
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Figure 3: An excerpt from the recorded target and cursor positions over time for delay = frame time = 1/60 of a
second.
Each experiment is run with a fixed value of either delay or frame time. The experimental subject tracks the target for 44.13
seconds. The first ten seconds of this tracking time are not recorded, allowing the subject time to acquire the target. Both the target
position vector Ti and (delayed) cursor position vector Ci are recorded. In the framerate experiment the continuous motion of the
target and cursor are recorded. A total of 2048 values of Ti and Ci are recorded. An excerpt of the target and cursor motion is
shown in figure 3. The subject initiates each experiment, and is encouraged not to start if fatigued. The tracking error vector Ei is
defined as the difference Ei = Ci - Ti. The measure of tracking performance Erms is defined as the root mean square value of the
length of Ei over the time:

N
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2

i
∑ ---------N

E

i=1

For each run, Erms is normalized by dividing by the amplitude of the target motion. This normalization is preferred to dividing by
the rms distance from the center of motion often used [4], as randomization of the phases in the motion can change this normalization factor while Erms is note observed to vary when the phases are changed. Using non-constant normalization factors mask the
dependence of Erms on delay or frame times.
A complete experimental run is defined as a tracking experiment for the following eight values of delay or frame time in the
following order: ∆tF or ∆tD = (0.0167, 0.1, 0.05, 0.167, 0.25, 0.333, 0.033). In the case of the frame rate experiment, these values

correspond to frame rates of (60, 10, 20, 2, 6, 4, 3, 30) frames per second. A complete experimental session consists of four runs,
with the base frequencies of the target motion multiplied by the factor s =(0.5, 1, 2, 3). Three complete sessions were each performed on two subjects for both the delay and the frame rate experiment.

2.3 Tracking experiment results
The dependance of the error measure Erms on the delay times for subject 1 is shown in figure 4 for all four values of the frequency multiplier s. It is readily apparent that Erms is linearly dependant on the delay time in agreement with previously known
results [4][8], and the slope of the linear dependance is in turn dependant on the frequency factor s. A similar plot is shown for the
frame rate experiment in figure 5, and quantitatively similar results are apparent. Similar results were found for the second subject.
Figure 6 shows all values of Erms for s = 1 and s = 3 for both subjects, giving some indication of the amount of variation between
subjects. The dependance of the slope of the least-squares linear fit to the data on the frequency factor for both types of experiments
and both subjects is shown in figure 7. Within individuals, there is a strong linear correlation between the dependance of Erms on
the time delay or frame time and the frequency factor. When this dependence for both subjects and both experiments is considered
together, there is still a fairly strong linear fit, implying that the phenomenon is stable across individuals and applies to both time
delays and frame times.
Based on these observations, we conjecture that
• Frame time mimics delay in tracking tasks.
• Tracking error is linearly related to delay time or frame time.
• The slope of the linear dependance of tracking error on frequency factor is linearly related to that factor.
The implications of these observation include: In a system in which contains a task which requires manual position tracking
of unpredictable targets, if the delay or frame time is increased by a factor D, then performance can be regained by dividing all
target frequencies by the same factor D.
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Figure 4: Erms for various delay times and for various values of the frequency factor s for the first subject.
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Figure 5: Erms for various frame times and for various values of the frequency factor s for the first subject.
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3. Placing
3.1 Background
The basic manual position placing task is that of moving a cursor from an initial position to a final position. Performance of
placing tasks is measured in the time required to perform the task and is determined by the distance from the initial to the final
position and the accuracy with which the cursor must be placed. The classical placing experiment is to present a target and to require a subject to move a cursor from a standard initial position to the target [9][10]. Fitts has determined that human performance
of this task is characterized by a simple formula. The time T required to move a cursor from an initial position to inside target at
a distance D and width W is given by the formula T = a + b log2(2D/W). This formula is known as Fitts’ law. The coefficient b
is observed to be about 0.1 when the cursor is controlled anthropocentrically [10], and the constant a measures reaction time.

3.2 Placing experiment design
The effect of lag and frame rate on placing tasks was measured by observing the effects of lag and frame rate on Fitts’ law.
The display timing and screen and cursor appearance were as described in section 1.3. The target is a 20x20 (0.754 x 0.754 cm)
pixel square rendered in a green outline with a hollow center. The subject is instructed to place the cursor in a small 10 x 10 pixel
(0.377 x 0.377 cm) square in the lower left corner of the screen and press the mouse button when ready. After between 0.8 to 1.5
seconds, the target is presented at a random location on the screen. The subject then places the cursor in the target. The cursor is
considered placed in the target when it remains in the target for a full two seconds. After the task is completed, the distance of the
target from the starting position is logged, along with the time from when the subject cursor left the starting square (after the target
was presented) to the time the cursor entered the target square for the last time. This cycle was repeated 50 times for each value
of delay or frame time for each of the two subjects. Thus in this experiment the coefficient a in Fitts’ law is not measured, as it
presumably is not affected by the experimental condition.

3.3 Placing experiment results
Two example data sets are shown in figures 8 and 9. Figure 8 shows the plot of the time required to perform the task for two
values of the delay, 1/60 and 1/2 seconds. Figure 9 shows the same data for frame times = 1/60 and 1/2 seconds. It is readily seen
that delay and frame time have similar effects on performance: they tend to increase the coefficient b in fitts’ law and to introduce
significant scatter into the data. This scatter implies that it is difficult to predict performance in the presence of long lag times or
long frame times, except to say that performance will be worse. This scatter can be interpreted by the fact that for long lag or frame
times the subject plans the placing motion, makes the motion, and sees feedback as to the success of the move. Occasionally the
subject may make the initial move accurately, making the move very quickly, but most times the initial move will miss, requiring
feedback to plan and perform the next move to the target. Sometimes several moves will be required to acquire the target, typically
when the distance D is large.
These results are shown in more detail in figures 10 through 12. Figure 10 shows the dependence of the coefficient b on delay
or frame time for both subjects. For delay, the effect is similar for both subjects: b stays around 0.1 to 0.2 until delay or frame
times of greater than 0.25 seconds, when it increases somewhat dramatically. For frame time, one of the subjects showed similar
behavior while the other subject showed no meaningful dependence of b on the delay or frame time. The latter subject is highly
experienced with low frame rate systems, indicating that for the placing task people may adapt to low frame rates.
Figure 11 expresses the scatter of the performance data as the standard deviation of the data from the least-squares fit to Fitts’
law for each of the subjects for both delay and frame time experiments. As expected from figures 9 and 10, the scatter increases
with delay or frame time. The effects for delay are very similar for both subjects, while the effect for frame time is somewhat less
severe for the subject experienced with low frame rate systems.
Figure 12 shows the predicted average time to reach the target vs. delay or frame time. This average is obtained by integrating
the least-squares fit to Fitts’ law over the distance on the screen for each value of delay or frame time for each subject. As expected,
the average time increases with delay time for both subjects, while a similar effect is seen for frame rate for the subject less experiences with low frame rate systems. A less severe rise is observed for the subject experienced in low frame rate systems.
5
time =

- 2.2179 + 0.94383x

time to reach target (sec)

delay = 0 sec
4

delay = 0.5 sec

3

2
time = 0.17555 + 0.088124x

1

0
3

4

5

6

7

log2(2D/W)

Figure 8: Plots of time to place cursor in target vs. log2(2D/W) in placing experiment for delays = 0 and 0.5 seconds. Linear
least-squares fits to the data show Fitts’ law.
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Figure 9: Plots of time to place cursor in target vs. log2(2D/W) in placing experiment for frame times = 0.01667
and 0.5 seconds. Linear least-squares fits to the data show Fitts’ law.
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Figure 12: Average time to place cursor on target as predicted from Fitts’ law for both delay and frame time for
both subjects. The prediction is based on integration of least-squares fit of data to Fitts law for each experimental
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4. Conclusions
The preliminary results reported in this paper indicate that with respect to tracking tasks, low frame rates induced by a frame
time ∆tF has an impact quantitatively like the impact of a time delay or transport delay of the same time value. Tracking errors are
linearly dependant on the delay or frame time for times in the 0 to 0.5 second range, and scaling the frequency linearly increases
the slope of that linear dependence. We conjecture that the effects of delay and frame time will combine linearly when both are
present. Delay and frame time also effect Fitts’ law describing placing tasks, by increasing the scatter of that law. For inexperienced users, delay or frame times increase the slope of the linear relationship in Fitts’ law, but there is some evidence of long-term
adaptation.
Further data collection to verify these results is necessary, both for more individuals and more data for each individuals.
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