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Abstract 
 

CPU scheduling to enforce service-level agreements (SLAs) is a problem of key 
importance in service-oriented systems.  For services whose ultimate customers are naive 
end-users, it is often a significant challenge simply to determine the terms of the SLA.  
We propose a new approach to both SLA specification and scheduling for enforcement 
that is unique in that it is based around the use of direct user input.  Our implementation 
of the idea is designed for virtual machine (VM)-based computing environments.  In our 
system, a user's VM is scheduled as a periodic real-time task.  The user can 
instantaneously manipulate his VM's schedule using a joystick.  An on-screen display 
illustrates the current schedule's cost and indicates when the user's desired schedule is 
impossible due to the schedules of other VMs or resource constraints.  An extensive user 
study of the system indicates that even a naive user is capable of using the interface to 
our system to find a schedule that balances cost and the comfort of his VM.  Good 
schedules are user- and application-dependent to a large extent, illustrating the benefits of 
user involvement. 
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Task Sub-task Question Yes No NA Yes/Total 95% CT 

Do you feel you are familiar with the performance of this computer? 18 0 0 1 (1,1) Adaptation I 

Are you comfortable with these applications? 17 1 0 0.94 (0.84, 1.05) 

Do you feel that you understand the control mechanism? 18 0 0 1.00 (1,1) 

Acclim. 

Adaptation II 

Do you feel that you can use the control mechanism? 18 0 0 1.00 (1,1) 

Did you find that the joystick control was understandable in this task?  17 1 0 0.94 (0.84, 1.05) I Comfort 

Were you able to find a setting that was comfortable? 18 0 0 1.00 (1,1) 

Did you find that the joystick control was understandable in this task? 17 1 0 0.94 (0.84, 1.05)  II Comfort+Cost  

Were you able to find a setting that was comfortable? 18 0 0 1.00 (1,1) 

Did you find that the joystick control was understandable in this task? 18 0 0 1.00 (1,1) 

Word 

III Comfort+Cost+Ext 

Were you able to find a setting that was comfortable? 18 0 0 1.00 (1,1) 

Did you find that the joystick control was understandable in this task? 16 2 0 0.89 (0.74, 1.03) I Comfort 

Were you able to find a setting that was comfortable? 18 0 0 1.00 (1,1) 

Did you find that the joystick control was understandable in this task? 17 1 0 0.94 (0.84, 1.05)  II Comfort+Cost  

Were you able to find a setting that was comfortable? 17 1 0 0.94 (0.84, 1.05) 

III Comfort+Cost+Ext Did you find that the joystick control was understandable in this task? 16 1 0 0.89 (0.74, 1.03) 

Powerpoint 

 Were you able to find a setting that was comfortable? 17 1 0 0.94 (0.70, 1.08) 

Did you find that the joystick control was understandable in this task? 16 2 0 0.89 (0.74, 1.03) I Comfort 

Were you able to find a setting that was comfortable? 13 4 1 0.72 (0.52, 0.93) 

Did you find that the joystick control was understandable in this task? 17 1 0 0.94 (0.84, 1.05)  II Comfort+Cost  

Were you able to find a setting that was comfortable? 16 2 0 0.89 (0.74, 1.03) 

Did you find that the joystick control was understandable in this task? 17 1 0 0.94 (0.84, 1.05) 

Web 

III Comfort+Cost+Ext 

Were you able to find a setting that was comfortable? 16 1 1 0.89 (0.74, 1.03) 

Did you find that the joystick control was understandable in this task? 18 0 0 1.00 (1, 1) I Comfort 

Were you able to find a setting that was comfortable? 16 2 0 0.89 (0.74, 1.03) 

Did you find that the joystick control was understandable in this task? 17 1 0 0.94 (0.84, 1.05)  II Comfort+Cost  

Were you able to find a setting that was comfortable? 14 3 1 0.78 (0.59, 0.97) 

Did you find that the joystick control was understandable in this task? 17 1 0 0.94 (0.84, 1.05) 

Game 

III Comfort+Cost+Ext 

Were you able to find a setting that was comfortable? 16 2 0 0.89 (0.74, 1.03) 

 

Figure 7: Summary of user responses in study.

to other domains. Our thinking is also informed by two
additional domains. First, we have applied our approach
to power management on laptop computers, demonstrat-
ing CPU power reductions of > 20%. Second, we have
been working on the general adaptation problem exposed
within the Virtuoso system [43, 42, 15].

Virtuoso provides many adaptation and resource reser-
vation mechanisms to improve the performance of exist-
ing, unmodified applications running in communicating
VMs. These include VM migration and overlay topology
configuration/forwarding rules [41], lightpath setup in
optical networks [21], and local scheduling of VMs [22].
Additionally, Virtuoso can observe the network and host
traffic of the VMs to probe the underlying network [15]
and the application [13] for their communication topol-
ogy and other resource demands [42]. Using this infor-
mation to engage the adaptation and reservation mecha-
nisms to increase an application’s performance is a chal-
lenging, NP-hard optimization problem [43], one that is
often difficult even to pose well. Applying our concept of
direct human input to it poses the following challenges.

Frequency of input: In each of our domains, we have
noted that more frequent user input leads to better per-
formance (lower cost, lower power consumption, high
application throughput, among other metrics). However,

it is obvious that there must be limits to this frequency.
Control algorithms that make use of direct user input
must be able to work when the input is infrequent and/or
aperiodic. In our view, sensible low-frequency input will
take one of three forms:

1. Evaluations of a current configuration or SLA, re-
sulting in user-specific utility functions.

2. Specifications of configurations or SLAs.

3. Directions for search within a space of configura-
tions or SLAs.

The work described here takes the later two forms.
Interface: Careful user interface design and evalu-

ation are critical to success, especially when targeting
naive users. We have generally found that having a very
simple, tactile interface separate from the “main” user in-
terface of the application or OS, is preferable because it
clearly demarcates “system” control from “application”
control in the user’s mind, can be completely ignored
when not needed, and is easier to explain. Designing an
adequate process for acquiring exploiting input of form
1 is far easier than for forms 2 and 3. We next describe
specific issues related to the latter forms.

11



Task Sub-task Question Avg Std Min Max Med Mod 

Did you find that the joystick control was understandable in this task? 

  Were you able to find a setting that was comfortable? 

 II Comfort+Cost 

     If yes, what’s the cost? 46.0 20.4 19 86 40.5 40 

Did you find that the joystick control was understandable in this task? 

  Were you able to find a setting that was comfortable? 

 

Word 

III Comfort+Cost+Ext 

     If yes, what’s the cost? 48.4 20.7 19 84 48 19 

Did you find that the joystick control was understandable in this task? 

  Were you able to find a setting that was comfortable? 

 II Comfort+Cost 

     If yes, what’s the cost? 52.4 19.5 20 91 45 62 

Did you find that the joystick control was understandable in this task? 

  Were you able to find a setting that was comfortable? 

 

Powerpoint 

III Comfort+Cost+Ext 

    If yes, what’s the cost? 52.3 19.2 18 87 50 38 

Did you find that the joystick control was understandable in this task? 

  Were you able to find a setting that was comfortable? 

 II Comfort+Cost 

    If yes, what’s the cost? 49.6 22.7 15 90 47 41 

Did you find that the joystick control was understandable in this task? 

  Were you able to find a setting that was comfortable? 

 

Web 

III Comfort+Cost+Ext 

    If yes, what’s the cost? 50.2 23.3 16 87 50 28 

Did you find that the joystick control was understandable in this task? 

  Were you able to find a setting that was comfortable? 

 II Comfort+Cost 

    If yes, what’s the cost? 78.8 14.1 50 93 84.5 90 

Did you find that the joystick control was understandable in this task? 

  Were you able to find a setting that was comfortable? 

 

Game 

III Comfort+Cost+Ext 

    If yes, what’s the cost? 76.5 14.9 49 91 81 81 

 

Figure 8: Statistics of the lowest costs reported by users in study.

Mechanism transition: In our system, changing a
VM’s schedule is virtually instantaneous, if the schedule
is feasible on the physical host it is currently running on.
If the desired schedule is not feasible, we must indicate
this to the user and use a different mechanism (e.g., mi-
grate his VM to a different host) to satisfy him. While
very fast VM migration techniques now exist [7, 30],
they still take much longer than changing a schedule, and
have a much higher resource cost. How can we represent
these time and resource costs to the user?

Categorical dimensions: A configuration or SLA can
be thought of as a point within a multidimensional space.
If a dimension is categorical (for example, a VM can be
mapped to one of several choices, or a overlay link can
be added or not), it is difficult to present it using an easily
understood external interface.

Dimensionality: In the present work, we expose the
schedule directly to the user. This is easy to do because
its two dimensions map directly to the two dimensions
of the joystick, and both dimensions are continuous. As
we add resources, the number of dimensions grows and
makes a simple mapping impossible. Of course, there
are many examples of using low dimensional input de-
vices to explore high dimensional spaces. A large part
of the problem is how to visualize the current configura-
tion/SLA and its neighborhood.

8 Conclusions and future work

We have described and evaluated a technique for putting
even naive users in direct, explicit control of the schedul-
ing of their interactive computing environments through
the combination of a joystick and an on-screen display of
cost. In so doing, we have demonstrated that with such
input it is possible and practical to adapt the schedule
dynamically to the user, letting him trade off between
the comfort of the environment and its cost. Because the
tolerance for cost and the comfort with a given schedule
is highly dependent on both the applications being used
and on the user himself, this technique seems very fruit-
ful both for tailoring computing environments to users
and making them cheaper for everyone.

We are currently exploring how to extend our results to
scheduling other resources, combinations of resources,
and in power management, with a particular focus on the
distributed adaptation problem described in the previous
section.
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