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ABSTRACT

Distributed applications often require complex trust relationships between remote parties
in order to enable a wide range of complex functionality. Unfortunately, it is difficult to achieve
useful guarantees when interacting with remote systems in the face of an attacker with physical
access. Specifically, we need a solution that is both comprehensive and usable for a wide variety
of trustworthy distributed applications. This thesis presents such a solution, comprised of two
main parts: a secure trusted computing base (sCore) using secure hardware on which applications
run in virtual machines and a control infrastructure to manage the virtual machines (TVMI). We
use virtualization to separate programs and trusted computing to verify the software stack on
which they run. This enables us securely form groups of applications which utilize the separation
and trust established by the sCore. In order to do this, we build a secure core of software
(sCore), which establish mutual trust with each other to build a distributed reference monitor
with strong security guarantees. Using this trustworthy platform, we create an infrastructure
for managing coalitions of virtual machines. This enables groups of applications capable of
entering well-founded trust relationships with each other. We then use formal verification to
prove relevant security properties of the virtual machine control infrastructure which runs on
the trusted computing base. We build our sCore and TVMI in order to demonstrate that our
solutions are feasible in a realistic setting, deliver acceptable performance, and provide security
properties that were not previously available. Additionally, our formal verification demonstrates
that the critical properties the TVMI purports to enforce are met by our design. This helps
to demonstrate the important problems in distributed, secure virtualization that are not being

handled today, and gives a framework for their evaluation and operation.
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Chapter 1

Introduction

1.1 Introduction

As computer science progresses, we are using computers in an increasingly distributed
fashion. Whereas a decade ago, many systems were used in a largely isolated fashion, most useful
processes today involve groups of systems collaborating to achieve some goal. However, security
for distributed systems has historically involved multi party trust based on weak assumptions,
such as strength/secrecy of passwords, social responsibility, or simple key secrecy. Unfortunately,
this weak trust model has served to compound problems created by the systemic presence of
vulnerable pieces of software. As distributed environments become more widely used for a variety
of applications, stronger security guarantees are required.

Consider, for example, an extensive information mining application run by a company
wishing to detect consumer trends and preferences. Given the size of many data mining opera-
tions, this must take place over many distributed nodes. However, it is important that the data
mining results not be leaked, due to privacy concerns and a desire to maintain a competitive
advantage. Additionally, the company would also like to ensure that the trends and preferences
being returned are correct and not the result of a malicious process inserting invalid data. With
current solutions, it is difficult to quantify or prove that these sorts of security goals are achieved.

Additionally, this example introduces the idea of a coalition, which we define as a group
of systems with a shared goal. In our example, this is the group of systems collaborating to
produce a clearer picture of consumer trends and preferences, while enforcing (or attempting to

enforce) a common set of security goals over the set of participating nodes. As shown by this



example, it has become increasingly important to be able to establish a coalition secured by
something stronger than poorly-based trust. Either blindly trusting or trusting to the secrecy
of credentials common to a large number of parties has become less acceptable today, while
distributed computing continues to be more widespread. This calls for a new design capable
of enabling trustworthy collaboration and communication, in order for distributed systems to
achieve their potential in applications where security is a priority.

Clearly, such a solution would have far-reaching impact, given the prevalence of distributed
systems in the modern computing environment. Why don’t we have a better solution today? In
general, the real-world threat model for distributed systems can be quite strong. For instance,
many times when a user interfaces with a remote system (for instance, nearly all web browsing),
they do not know anything meaningful about the physical or administrative security of that
system, since it is not under the user’s control. The user usually does not know how many people
have root access on that system, what software is installed, or usually even what OS is running.
If the remote system is vulnerable to compromise due to an outdated or insecure software stack,
the user’s interactions with that system may be completely subverted. The common state of
distributed computing provides neither the necessary information to discover any of this, nor
guidance as to how to interpret or use this information.

This thesis seeks to provide a practical method of building multi-party trust, which can
be used to build trustworthy coalitions. In the next few sections, we discuss previous solutions,
as well as introduce our approach for multi-party distributed trust. We discuss the guarantees
we seek to provide, as well as an understanding of why they were not adequately provided by
preceding works. Finally, we discuss how such a system could be used in practice, while still

maintaining the security goals provided by the core infrastructure of our solution.

Trustworthy distributed coalitions of virtualized applications can be constructed in

a such a way as to provide not only strong hardware-based security guarantees of



integrity for each participant, but also flexible, scalable management for the coalition

as a whole.

1.2 Distributed Virtualization

As we attempt to design a solution, we must first examine what tools we have available
to us. Given that we want strong guarantees about the state of a remote system’s software
stack, it is natural to turn to the Trusted Platform Module, or TPM, as a start [39]. The TPM
is a tamper-resistant hardware device that comes embedded in a system’s motherboard, and
supports only a limited set of cryptographic operations. In brief, the TPM can be used to certify
the software stack running on a given system, via a process known as attestation [17]. The
TPM records the measurements of each piece of software loaded (this will be discussed more in
Chapter 3). The TPM does not allow any user of the system to change these measurements,
which are cryptographically tied to the TPM itself. Consequently, the TPM can be called upon to
attest to the state of the system and present this attestation to a remote party. The remote party
can then check the measurement list to see what programs were run, and that the attestation is
actually from the TPM. This enables the remote party to make an informed determination as to
whether or not to trust the system. This provides a hardware-based root of trust, which gives a
remote party a foundation for building trust in the system.

However, this approach has some general weaknesses. Firstly, the attestations received
are often quite complex. If a system measures every program, library, and kernel module loaded,
it can be difficult to say something meaningful when this attestation exceeds 30,000 lines. For
instance, if a remote party sees a hash for a program ” /usr/bin/clamasivd”, what can he say
about this? Is it just a misspelling of the ClamAV virus scanner? Is this simply an innocuous
program that is relatively unknown? Is it a rootkit? Proving that some properties hold over such
a complex attestation is quite difficult when the list of potential programs that could be in the

attestation gets large.
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In order to trust a remote machine, however, we must do more than simply trust a
set of relevant processes on a foreign system: we must also trust any process that is capable of
interfering with the processes we care about. For instance, if we want to trust a remote webserver
on a traditional system X, and X is also running a mail server as root, then we must trust both the
web server and the mail server. More generally, we must understand and demonstrate that every
process and user on the remote system cannot compromise the security goals we want satisfied.
A large body of research and practice has shown this is currently an impractical problem to
solve completely in commodity operating systems [2, 31]. However, virtualization provides the
type of well-defined separation we are looking for in this application. If each application we care
about runs in a different virtual machine, and we trust the separation provided by the Virtual
Machine Monitor (VMM), then we need only trust the exact set of applications we need. Trusting
a VMM’s separation is a reasonable choice for two reasons: the amount of code in a VMM is
smaller (which assists verification and code auditing), and the goals of the VMM are much
simpler than a full-blown operating system. The VMM’s separation gives the additional benefit
that authorization policies are much simpler to create and understand when virtual machines
are the principals involved, as opposed to every possible user and process in a given system. For
instance, if two services share the same OS, then to ensure that they cannot interfere with each
other, we must analyze the operations available to every user on the system, every process on
the system, and every operation all entities can perform. With virtual machines, we must only
ensure that sharing between VMs is not enabled (although we can also enable sharing to allow
applications to interact in limited ways).

Since the weakness of trusted computing is complexity, while the strength of virtualization
is that it provides simple separation, it seems natural to combine the two in pursuit of a workable
solution to distributed systems security. In fact, this is precisely what was done in a proceeding
work, the Shared Reference Monitor, or Shamon [66]. This work built coalitions of virtual

machines, by means of remote attestations passed among virtual machine monitors (VMMs).



The goal is to establish a distributed reference monitor among the VMMSs, which provides the
guarantees of a traditional reference monitor (tamperproof, verifiable, complete mediation) in a
distributed environment. In other words, if these guarantees are met in a given system, and that
system can prove those guarantees to a remote party, a trusted coalition can be built among the
VMMs where each party trusts the other. Once that coalition is established, virtual machines
can run applications to do the important computing work. This leaves the portion of the system
that must be verified (the VMM) small, so as to minimize the complexity of the attestation,

while leaving the difficult work of separation to the comparatively simple virtualization layer.

1.3 Improving Attestation

However, this solution, as presented in the 2006 ACSAC work on the Shamon system [66]
is overly simplistic. This work, as well as nearly every other work in the field [63, 35, 11], says
very little about what must actually be in an attestation. In general, only loaded code is required
to be included in the attestation, as well as hashes of lower layer software. This is not all that is
required to secure a system, however. The data on a system contributes to the security of many
processes, in addition to the actual binaries being run. For instance, if the PAM daemon allows
passwordless logins for root users, this system no longer conforms to most security specifications,
even though the ssh daemon being run is not deliberately malicious. Consequently, we need
an approach that verifies everything on a system, not just the loaded code. However, as we
have mentioned previously, verifying the code on an arbitrarily complicated system can be very
difficult. As described in chapter 3, this requires us to tightly constrain the systems we wish to
rigorously verify.

Unfortunately, even in a constrained system, it would be impractical to simply measure
every file on a system. Many files must be different in order to properly configure systems in
a wide variety of enviornments, and understanding the security implications of each possible

difference is a very challenging problem. Instead, we attempt to prove where each piece of code



and data comes from. Our realization is that the install media for a distribution of an operating
system provides a natural root of trust for data and code, since the original data and code on a
system must ultimately come from the installer. Consequently, we utilize this concept to create a
Root of Trust Installer (ROTI), which installed a trusted VMM and management infrastructure.
The system is designed with the goal that the data and code that are installed can be traced
back to the installer. In this way, we can form a real ”whole system” attestation. Once this is

done, we can begin to build coalitions based on meaningful trust.

1.4 Trusted Virtualization Infrastructure

The goal of this work is to take the Shamon, which is comprised of VMMs and their
associated trusted domains, and form coalitions of virtual machines. Given that each virtual
machine is running on the Shamon, the virtual machines themselves would then have certain
useful security properties (information flow control, for instance) simply as a result of running on
the Shamon. Each user could have many virtual machines, one for each application, that belong
to a variety of coalitions which grant different security properties. For instance, a graduate
student Alice may have one virtual machine belonging to a coalition in her lab that guarantees
that information won’t flow out of the lab coalition, and she might have another virtual machine
for a massively multiplayer online game that guarantees only that all traffic to the game servers
are encrypted. We will discuss how this is achieved in chapter 3.

However, to implement such a flexible model, we must have some trustworthy, usable
system to controlling VM coalitions (and the VMs themselves). Previous work in this area
has focused primarily on creating a trustworthy environment for program (or virtual machine)
execution. However, there are a number of relevant security concerns related to the creation,
migration, and execution of virtual machines at the application layer. Consider the case where a
user, Alice, wants to start a virtual machine, which she wants it to be a part of a graduate student

coalition of virtual machines. We need to create a coalition authority capable of supporting this



operation, ensuring Alice’s VM conforms to the standards of the graduate student coalition, and
watching out for Alice’s virtual machine. Alice needs to be able to migrate, start and stop her
virtual machine, while continuing to enforce her security goals.

However, we must also consider this situation from the perspective of a University, Grad
U. Grad U’s sysadmin would like to host a number of research coalitions on department ma-
chines. However, he doesn’t want any one coalition to achieve an unfair proportion of resource
utilization over university machines. Since both Alice and Grad U’s sysadmin are integral players
in this system, we need to devise a trustworthy system that enables Alice to get virtual machine
resources, but only with the permission of Grad U’s sysadmin.

Consequently, both the Grad U sysadmin and Alice must be able to trust the virtual
machine management infrastructure in different ways. Alice must trust that her security goals
will be enforced independant of the location of her VM, while Grad U’s sysadmin must be sure
that Alice is not consuming an unfair proportion of their computing resources. To this end, we
created the trusted virtual machine infracstructure (TVMI), to manage these requirements in
a secure, usable fashion. However, in this thesis we do not thoroughly investigate or address
resource management issues, as this is a well-developed and complicated field of research, whose
results could be applied to this work at a later date.

Figure 1.1 gives an overview of our solution for secure virtual machine management, the
TVMI. In this diagram, each machine authority, or MA, is responsible for mediating access to the
physical resources. As we will describe in more detail in Chapter 4, the MA simplifies resource
management for coalitions, as it acts as the single entry point into an administrative domain of
resources. In this way, an administrative domian, or collection of machines under the same scope
of administrative control, provides a single interface for requesting resources, as well as a single
policy decision point for physical resources. In short, the MA protects physical machines from

unauthorized usage, and provides resources to authorized coalitions.



Administrative Domain

Physical Machines
(sCore)

Users

Coalition Users

Fig. 1.1. Picture of the full TVMI infrastructure

The coalition authority, or CA, acts as the MA’s counterpart as the access point to re-
sources for use by coalition users. Where the MA acts as the resource broker for the physical
machines, the CA obtains resources for users and protects their data (in the form of virtual
machines). The CA is repsonsible for garnering resources from the MAs and ensuring that user
VM data does not leak to an attacker.

As the figure suggests, this design minimizes the trust between foreign parties, and en-
hances the scalability of the design. Given that our solution is designed to enable internet-scale
distributed trust, minimizing the complicated trust relationships between users and remote phys-

ical hosts is important.

1.5 Summary

In this paper, we explore previous solutions to these problems in chapter 2. We discuss
the history behind these technologies, and explain why they fail to solve the important problems
in trusted distributed computing today. In chapter 3, we discuss the ROTI’s design and imple-

mentation. We discuss why it shores up the holes in current attestation schemes, and how it



enables stronger trust relationships between parties. Chapters 4 details the design of the TVMI,
which enables secure virtual machine control for users. This enables the formation of useful
coalitions and begins to demonstrate how to build a large-scale system based on the Shamon
concept. Chapter 5 explores the actual implementation of the TVMI, in addition to formally
validating the TVMI’s design. Finally, in Chapter 6, we conclude and detail our contributions,

as well as provide direction for future work that needs to be done in this area.
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Chapter 2

Background

2.1 Introduction

In order to accomplish the goals set forth in the preceding section, we must devise some
method of establishing a basis for trust in a remote party. Given that this is such a general
problem, it is somewhat unsurprising that much work has previously been done with this goal in
mind. The last 10 years, in particular, have generated complex and divergent philosophies with
respect to what makes a given remote system secure.

Specifically, there seem to be at least three relevant different approaches to system secu-
rity that bear mentioning. The first approach, which we will refer to as the reference monitor
approach, attempts to define the acceptable operations of a system with some general policy.
Even if it does not govern all system operations, it must, by definition, control all operations
relevant to a given set of security goals.

Generally, developing a policy for a reference monitor to govern all possible interactions
in a system has proven difficult. While there have been some attempts to limit the scope of these
policies [32], a different philosophy has become popular in recent years. Generally, the idea is
that really specifying the totality of what goes on in an operating system is too difficult. Instead,
we should totally isolate services we care about into their own virtual machines, and reason at
the much coarser granularity of machines, instead of individual users and processes. This greatly
simplifies the view of a system into discrete components.

However, these approaches are not satisfactory for some applications. Some users must

have strict assurance that what they think is happening on a remote system, actually is. To do
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this, current solutions have used a piece of hardware, the Trusted Platform Module (TPM) [46].
The TPM can be used to measure parts of a system. These measurements can be given to a
remote party to prove what code has been run. In this way, a remote party can have some
assurance that the claimed state of a system actually matches the code that was run.

In this section, we give a general overview of these approaches, and discuss their strengths
and limitations. In particular, we show how the strengths and weaknesses of these approaches

complement each other, in order to motivate our solution, which we introduce in Chapter 3.

2.2 Reference Monitoring

In 1972, the Anderson report laid out the first criteria for building trusted systems [6].
Most notably, it helped to introduce the idea of a reference monitor into secure systems building.
In short, this classical reference monitor approach is used to provide comprehensive enforcement
of policies in a given system. In more modern literature, the particular designation of reference
monitor is reserved for enforcement architectures which meet certain criteria. The orange book
(TCSEC) set forth the most popular definition of a reference monitor today in its description
of the reference validation mechanism (RVM). In short, the TCSEC indicates that a reference
monitor must provide, with respect to the desired policies, complete mediation, tamperproofness,
and verifiability. The core idea is that if these three criteria are met, a reference monitor will be
completely capable of enforcing a given policy. Clearly, this model is quite general. Basically, it
refers to an architecture capable of really enforcing a security policy, in the presence of a local,
malicious adversary. Since this is such a general and useful goal, this idea has become extremely
popular in recent years, as numerous OS technologies have progressed to the point of making
reference monitors practical and widespread [75, 2].

In recent years, the Linux kernel has begun to include a framework for making a reference
monitor known as the Linux Security Modules, or LSM [90]. LSM strives to provide hooks to all

security sensitive operations identified so far, which enables complete mediation. In other words,
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when a security sensitive operation takes place, the appropriate LSM module is called, if it exists
and defines a security check for that operation. The idea is that tamperproofness of this system
is ensured by its inclusion in kernel space, which should theoretically not change. While this
is may not accomplish tamperproofness as stringently as an EAL 5 system may require, kernel
space is amongst the most trusted areas in a traditional operating system. As far as verifiability
goes, LSM’s small amount of code tends to lends credence to the idea that it is verifiable, but
the question of whether or not this is verifiable is a little misleading. Since the LSM framework
depends on the kernel, it would be difficult to verify both the LSM framework and everything it
depends on.

The importance of LSM can be seen in the adoption of practical reference monitoring
architectures in recent years. Most notably, the NSA released a reference monitor for the Linux
kernel, SELinux, with the goal of creating a usable, mainstream reference monitor suitable for
use in production systems [2]. Over time, it has become the de facto reference monitor imple-
mentation for the Linux operating system, and is included by default in many modern Linux
distributions, as well as TrustedBSD and Trusted Solaris [89, 86]. More specifically, it is a ref-
erence monitor designed with the goal of enforcing flexible mandatory access control (MAC)
policies.

In general, access control systems govern which operations a given subject can perform
on a given object. Most users are familiar with discretionary access control systems, where a
given user can change the permissions on an object (say, a PDF report) so that other users can
or cannot access the object. MAC systems are an alternative to discretionary access control
(DAC) models, in which a central policy administrator sets a policy, and subjects (such as users
or processes) are unable to change permissions on objects. MAC, as opposed to DAC, represents
a fundamental shift in access control: system specified policy often becomes more important
than user specified policy. In other words, a system administrator is able to set and maintain

security properties that users cannot break, even if improper sharing is attempted. For instance,
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in a DAC system, if Alice wants to give everyone the ability to read a top secret file that she
has access to, she can. In a MAC system, an administrator can restrict (via a MAC policy) the
sharing of top secret data to only subjects that have top-secret clearance.

Additionally, SELinux attempts to enforce a MAC policy which implements the principle
of least privilege on a system. If SELinux is running in strict mode, which attempts to regulate
every program on a system, a policy must exist for each program (or class of programs) which
fully specifies the access level and type the program needs to every object (files, sockets, devices,
etc). Clearly, fully specifying least privilege requires a great number of policy statements, since
all accesses must be explicitly allowed. In fact, there are more than 50,000 lines of policy in the
selinux reference policy [80].

As complex as policy for a single reference monitor can be, there is a great deal of benefit in
extending this concept amongst a group of distributed systems. The idea of a distributed reference
monitor is to achieve the same reference monitor guarantees found in classical, single host systems,
to a distributed environment. In ” The Digital Distributed System Security Architecture”, Gasser
et. al. propose a system by which distributed reference monitors can be designed to satisfy
TCSEC requirements up through the B1 designation [36]. However, this work is largely a design
infrastructure, which enumerates the properties such a distributed reference monitor would need
to have. These include a secured DNS infrastructure (which is quite detailed in the work), secure
message channels, authentication, and mandatory access control. While we dispense with the
DNS infrastructure in favor of alternate forms of machine identification, the rest of this thesis
will detail a specific interpretation of this general design, with important modifications to reflect

the modern computing landscape.

2.3 Virtualization

In contrast, virtualization allows system designers to take a different tack than reference

monitoring. Instead of designing complex policies to completely mediate access between different
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objects in a system, virtualization gives security engineers the option to treat entire operating
systems (running in virtual machines) as objects. This vastly simplifies the relationships between
objects in a system, so that policy is simpler, easier to understand, and easier to verify. IBM
first began to use virtualization in the 1970’s, for time-sharing on large, expensive mainframe
systems [49]. This provided a way to separate users and their jobs simply, in order to provide
efficient resource sharing. However, as large mainframe hardware fell out of common use in the
80’s and 90’s, the case for virtualization weakened, as home computers became more prevalent
and the increase in numbers of computers increased to the point where resource sharing became
less important. Additionally, PC’s began to lack the ability to implement virtualization primitives
as hardware changed, so even assuming that the desire for virtualization stayed the same, the
technical ability to implement true virtualization solutions fell by the wayside [76].

However, the benefits of virtualization eventually resulted in a resurgence of the technol-
ogy. Convenience, portability, resource management, and security were only a few of the reasons
that virtualization became irresistibly compelling to certain segments of the software indus-
try [22]. However, problems with virtualizing hardware continued to persist, due to fundamental
problems with virtualizing the i386 architecture [74].

In response, some open source virtualization applications such as Xen turned to paravir-
tualization, where some guest instructions are changed to run natively on hardware [10]. This
has resulted in significant performance gains over traditional virtualization techniques, at the ex-
pense of needing to modify guest OS kernels [92]. Other approaches included creating host-based
virtual machine monitors, which provide binary translations of guest instructions [94]. However,
the necessary functionality for processor virtualization has been incorporated into many recent
processors [4, 27]. As a result, many virtualization solutions have begun to support unmodified
guests at greatly increased speed [10, 84, 94].

Therefore, it is natural that virtualization would become popular for providing increased

resource usage, portability, and security at little performance cost. From a security standpoint,
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instead of reference monitor guarantees, virtualization is mostly concerned with providing sepa-
ration. However, since virtualization has become popular so quickly, little work has been done to
strongly analyze the security guarantees that virtualization purports to provide. What little work
has been done in this space is not encouraging. As an example, take Tavis Ormundy’s work ap-
plying fuzzers to VMMSs. He found that every VMM was susceptible to some VMM compromise
from a VM, and most were susceptible to a cross-vm compromise (meaning that a compromised
VM could compromise another VM on the same host by exploiting some flaw in the separation
provided between VMs) [73]. While these vulnerabilities only result from implementation errors,
it demonstrates that even with a smaller codebase, VMMs still contain security-sensitive errors
in practice.

Consequently, the sHype system was developed, which allows administrators who do not
trust separation between VMs to specify which VMs can be run on a given machine, either alone
or in conjunction with other VMs [78]. Administrators label VMs, and sHype policy specifies
which combinations of VM labels can or cannot run on a given physical system. This even
allows covert channels to be cut off. For instance, if a VM pegs processor usage to 100%, it
may be sending a signal (via resource utilization) to another VM on the same system. In this
way, administrators have a defense-in-depth solution to combat implementation issues in virtual
machine monitors.

The other potential solution to implementation bugs is simply decreasing the size of the
VMM itself. Ideally, as the size of the VMM codebase shrinks, the number of bugs decreases and
the amount of carefully checked code increases. VMware has taken this approach with their new
ESX 3i product, which contains a VMM and all required drivers in 31MB of code [51]. Only time
will tell if this is actually a good defense against implementation errors, but it does demonstrate
that as hardware evolves, the management that the VMM is forced to do decreases.

However, virtualization introduces more problems than simply inadequate separation. Vir-

tualization has the capability to radically change the number and flexibility of managed operating
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systems, which creates new classes of problems. If virtual machines come up and down on a net-
work quickly and frequently, keeping up with an appropriate network configuration is difficult.
VMs can be replayed, causing flare-ups of previously contained attacks. VMs create a more
diverse environment, which is more difficult to maintain. Data lifetime also changes in a vir-
tual environment. This is just a small, quick sample of some extra problems introduced by
virtualization, as outlined in [34, 38].

Additionally, hardware virtualization introduces additional security problems apart from
separation and systems management. Because hardware does not currently support virtualization
explicitly, designers have had to make a decision: allow guests to access hardware directly, or
mediate access to the hardware devices. If access is mediated, the VMM can filter out ”unsafe”
instructions for the VMs to execute (commands that access another VM’s memory, for example).
However, this creates an additional context switch, and some technologies simply do not operate
with reasonable performance under this model (3D video drivers, for example). Unfortunately, if
guests are given direct access to devices, functionality such as DMA can be exploited to trivially
and completely break virtulization’sseparation [69]. Some fixes for these sorts of issues have been
proposed, which range from isolating drivers in their own VMs, to virtualizating all I/O opeations
entirely [85, 69].

Additionally, interesting new trends in virtualization have exposed some additional se-
curity capabilities of virtualization. Take, for instance, the Overshadow system [23]. Since the
VMM on a system controls page table access from the guest OS, the VMM can return encrypted
pages to the OS, and cleartext pages to applications. This would allow an application to maintain
the integrity of its memory pages in the face of a compromise of the virtualized operating system
kernel. In general, the presence of a trusted, protected overseer in an operating environment
opens up new avenues of thought relating to how to manage operating systems.

These traditional and non-traditional virtualization approaches trust the VMM and man-

agement domain explicitly. If the VMM or management is compromised, then all data to or from
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the VMM can be modified, thereby circumventing any useful security in the VMM. If we want
more comprehensive security, we either need a way of establishing trust in the trusted computing
base, or a way to prevent a malicious VMM from compromising the security of a VM. In this

work, we attempt the former approach.

2.4 Trusted Computing

In order to find a basis for trusting a VMM, we turn to the concept of trusted computing
here. Simply put, trusted computing is largely concerned with proving trust in components of
a system, instead of being forced to trust them. In this scenario, we would like to be able to
demonstrate trust in the VMM, instead of being forced to trust the VMM because no alternatives
are available. Central to this idea is the idea of a trusted reporting mechanism, a way of reporting
what the state of a given platform is. In practice, this is most often accomplished with the help
of hardware, specifically, a Trusted Platform Module, or TPM. The TPM is a piece of hardware,
designed to be tamper-resistant, that presents only a very narrow interface to the user [39]. We
will discuss how it can be used as a trusted reporting device, even in the face of a software
compromise. If we can utilize this hardware to verify the integrity of a VMM (and associated
control plane), we should be able to get stronger guarantees about the separation of applications
in VMs in the face of a wider variety of attacks.

The TPM is a low cost, underpowered chip that sits on a slow 10MHz bus on the moth-
erboard. It has a few registers for storage, called platform configuration registers, or PCRs.
The only operations that can be performed on these PCRs is to reset them or to extend them.
Extending a PCR (with value p) with a value v means setting p = SHA1(p + v). Thus a PCR
cannot be set to a particular value, and the value of a PCR cannot be used to reconstruct what
values it was extended with. The intuition here is that a user cannot arbitrarily set a PCR to a

given value. The only way to do so (assuming that the one-way property and collision resistance
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of hashes holds) is to extend a PCR with the exact same sequence of measurements that was
used to create the PCR state in the first place.

Additionally, the TPM contains persistent storage for a small number of public/private
key pairs. In particular, the Storage Root Key (SRK), cannot be moved off the TPM, and since
the TPM is tamper-resistant, this private key can only be used by the TPM. Consequently,
barring physical attacks, the SRK private key should be impossible for an attacker to recover.

By combining these two functions, the TPM can create a cryptographic attestation of the
current state of the TPM. This is called quoting, and simply takes the current PCRs, other state
of the TPM, and returns a record of this state, signed with a key that can only be used by the
PCR. In this way, a TPM can create a token that testifies to the state of the TPM.

Clearly, this would be much more useful if we could tie the state of the TPM to the state
of the system itself. In other words, we would like to be able to say something useful about
the state of the system, given the state of the TPM in the TPM’s quote. Then, we could use
these quotes of TPM state to prove properties about the state of the entire system. In order to
accomplish this, an LSM was designed to extend a PCR every time a piece of code is loaded. In
this way, if we extend a PCR with the hash of ever piece of code loaded, and we have a list of the
code that is loaded, we can verify that the list of conforms to the actual code that was loaded.
This LSM became the Integrity Measurement Architecture (IMA) [48].

The attestations generated by IMA can be very complicated, however. If IMA measures
every piece of code loaded in a system (including libraries and modules), the total measurement
of a system can be very large. More importantly, it can become difficult to reason about this
attestation. Consequently, a policy-reduced version of IMA, PRIMA, was created [52]. PRIMA
attempts to measure only the pieces of code that effect information flow, pursuant to a given
system policy. For instance, if an object O was specified as high integrity by PRIMA policy, any
code that interacts with O may be measured. In this way, the set of user level programs that

don’t effect trusted programs don’t need to be measured, which vastly simplifies verification. In
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this way, PRIMA attempts to make attestation practical, while still preserving the measurements
that are important to a system’s security goals.

Unfortunately, IMA or PRIMA alone don’t capture the full system state necessary. Take,
for instance, the rootkit subvirt [58]. Subvirt is actually a rootkit hypervisor, which means it
is installed below the operating system layer. Consequently, the operating system can’t detect
it. Since IMA is an LSM, IMA won’t measure subvirt either, since LSMs run at the operating
system layer. This demonstrates that we have to measure the whole application stack. The
BIOS contains a piece of code (the core root of trust measurement, or CRTM) which extends a
PCR with the hash of the BIOS. The BIOS then measures the bootloader, which measures the
kernel or hypervisor to be loaded. After the attestation is created, the goal is that the attestation
could be presented to a remote party, who would verify the state of the system. Measuring code
this way would detect subvirt, since the BIOS would measure the bootloader, which would be
modified by subvirt. Then, when a remote party receives the measurement list, they will be
able to check that the bootloader was modified, and they can tell that the machine is running
unapproved code. See 3.2 for a graphical illustration.

The Bear system from Dartmouth also identifies some of the problems addressed in this
thesis [64]. They identify attacks against data, such as the replay of old dynamic data, that can
impact the integrity of the system. In particular, it is interesting that the Bear attempts to classify
different types of data in a system, and track it differently depending on its type. This design helps
to remove the necessity of tracking data for the entire lifetime of the system. However, the only
form of attestation is supported only by a remote Security Admin. Given that a remote party may
or may not trust the Security Admin, this is a limiting design decision. Additionally, it negatively
impacts the scalability of the solution, since trust between remote administrators has historically
not scaled well (see current adoption of cross-domain authentication in Kerberos). Finally, the
attestation in the Bear is not comprehensive enough to fully meet all of the requirements of this

thesis. More on these attacks will be mentioned in Chapter 3 [42].
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Another option for reducing the complexity and size of an attestation is the BIND sys-
tem [82]. In BIND, the idea is to embed attestation annotations in code, so that a programmer
can choose the exact portions of code that should be measured. By measuring these sections of
code right before they are executed (as opposed to load time attestation, which measures code
before it is loaded), BIND reduces the chance that the code being measured is compromised
before it is actually run. Additionally, BIND attempts to tie data to code, so that a remote
party can cryptographically verify that a certain portion of code generated a set of data. While
this may prove useful for a very narrow set of measured code, it has some problems in the general
case. Firstly, it requires programmers to identify and delineate portions of code that are ”critical”
to measure. Secondly, this may (and probably should) require multiple measurements for larger
pieces of code. Over a large set of programs, this would quickly grow to an unwieldy number
of measurements. Additionally, this solution would require a fantastic amount of management,
including making sure memory was protected by the TPM, verifying a large number of PCR
states, creating tamper-resistant keys, and more. Consequently, the BIND solution solves a large
number of problems for a very specific, tightly controlled environment, but is unlikely to scale to
a more general problem. We investigate reducing much of this complexity in the next chapter.
It is worth nothing that the TPM is not tamper proof, only tamper resistant. There are
facilities built into newer chips that set a tamper bit if tampering is detected, but these are not
infallible. In the presence of a sophisticated adversary with detailed knowledge of a TPM, the
SRK may not be safe if the attacker can extract the key bits from the chip physically. While no
attack on the TPM has yet been reported, a history of devices indicates that non-tamperproof
devices are likely to be compromised eventually [8].
As an alternative, secure co-processors, with a much higher tamper-proofness, can be
used [87, 30]. The guarantees and speed provided by these co-processors are much better than
the TPM provides, but at at least 4 orders of magnitude cost increase. Additionally, many of

these are currently on a very restricted distribution schedule.
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The other alternative is to do away with a hardware root of trust altogether. The Pioneer
system, in contrast, relies on timing instruction execution to ensure that programs are behaving
as expected [81]. In general, a piece of code known as the dispatcher establishes a dynamic root
of trust. The root of trust then executes code, and by doing a timing analysis, verifies that it
runs untampered. This requires a trustworthy channel to set up a root of trust and communicate
results. It also requires that the exact state of the hardware be known. Additionally, the approach
cannot always, deterministically, detect compromises or tampering. In short, Pioneer provides
probabilistic security when environments are very well known, but we wish to solve a more general
problem, and it seems that these restrictions are fundamental to the Pioneer approach and not

simply implementation shortcomings.

2.5 Trusted Systems

Ideally, we would like to use trusted computing to prove that a reference monitor exists
on a remote system and is enforcing the appropriate policies. However, we would like to use
virtualization to separate applications from each other, in order to have a greater degree of trust
in both the policies governing inter-application communication and the separation of applications.
In short, we would ideally be able to use virtualization to support applications, and trusted
computing to support the security enforcement for the applications.

This idea lends itself most naturally to the distributed grid computing model. In general,
this is a much simpler model than arbitrary distributed services, as instead of support multi-user
systems with multiple general applications, distributed grid computing often deals with a set
of instances of applications which must communicate with each other. Trusted virtualization
clearly facilitates this sort of computational model, as it isolates these applications from other
applications/users while providing a trusted computing base upon which to perform distributed

computations.
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As can be expected, a number of projects have dealt with this topic; perhaps the most
comprehensive of these is Lohr et.al [62, 93]. Lohr attempts to provide a generic framework for
trusted grid computing, independent of implementation-specific details. In this framework, an
attestation service, storage service, and grid service form the TCB which provide a platform for
grid computing.

The framework described in Lohr is one of the first works in trusted virtualization that
specifically attempts to address the asymetry in trust requirements between the users and
providers of resources in trusted, virtualized systems. The framework attempts to provide
grounds for satisfying this asymetry, but does not explore how this would be done in practice.
Consequently, this work provides an alternate framework and implementation in chapter 4.

Perhaps one of the most interesting decisions in Lohr, et. al., is to use offline attestations
instead of traditional attestations. Normally, an entity requesting an attestation provides a
nonce, which the attesting entity includes in an attestation. This ensures freshness, without
which, an attestation is largely worthless. This work generates attestations and stores them
offline, certifying that the system is in state S. Later, when a user wants to submit a job, he
uses a key sealed to S to encrypt all sensitive information. Thus if the offline attestation was
valid, the job will decrypt successfully. Otherwise, it will not, but no secrets will be improperly
revealed. This approach drastically speeds up the time taken to submit trusted requests, but has
a major shortcoming: the hosting platform cannot execute any unmeasured code between the
submission of the offline attestation and the acceptance of jobs. This restricts the usage of this
model to hosting platforms that are mostly static. While this may be a good assumption in the
trusted virtualized grid computing space, it does not translate immediately well into arbitrary
trusted distributed applications.

Trusted virtualized grid computing also adds management complexity where there may
have been less before. The most popular grid computing software currently, BOINC, allows all

distributed jobs access to the network in order to submit and retrieve jobs [5]. However, in
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the general case, jobs may require much more communication. Additionally, it may be highly
desirable to separate the networks each set of applications uses to communicate. In a virtualized
environment, this challenge is even more critical. In provisioning 100 machines, the cost and
speed of the provisioning operation often implies greater care given to network design than does
the 10 minutes required to spawn 100 virtual machines clones. Consequently, some flexible way
of creating, maintaining, and designing virtual networks is required. SODA (service-on-demand
architecture), attempts to solve this problem by approaching this issue as a provisioning problem:
by applying provisioning solutions to the issue, they hope to make large scale hosted applications
more flexible and manageable. Unfortunately, to tackle such a large problem, they require buy-in
from many levels of the software stack: OS, middleware, network. In practice, it may be difficult
to just drop existing solutions/OSes into this system, and still achieve the original goals.

Even with more flexible virtual network provisioning, the tools to enforce rich security
policies between applications in a trusted virtualization environment were lacking. For instance,
consider the case where Goldman-Sachs is running a virtual machine to perform proprietary
analysis of stock market trends. Goldman-Sachs must ensure that data from this virtual machine
does not leak, even if the VM becomes compromised. But if another investing company, BFP, has
a virtual machine running on the same server, and compromises the Goldman-Sachs VM, then
they can transmit information via covert channel from VM to VM [60] (for instance, processor
utilization, network utilization, etc.). sHype was introduced to the Xen VMM by IBM and helps
to solve this problem, among others [78]. sHype allows an admin to apply MAC policies to
inter-VM communication on the same platform by labeling VMs and writing policy to govern
their interaction. Additionally, sHype allows administrators to specify which VMs are allowed to
access the same physical resources simultaneously. As a result, sHype helps to forward trusted
virtualization by providing enforcement of policies that do not rely on strict separation between

VMs on the same host.
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Along these lines, platforms for more general secure distributed services was created. In
particular, the Terra system kicked off a series of research in the trusted distributed application
space [33]. In Terra, the goal was to produce a system in which applications can be verified
and/or isolated, in order to run trustworthy applications. Specifically, the unchanging portion
of the application’s disk space is measured, and used to ensure integrity. However, this model
applies poorly in the case where an application’s disk space may change arbitrarily, or where the
security-sensitive information changes. Additionally, little consideration was given to verifying
the host platform, which ultimately can effect the security of the VMs. Terra is particularly
important, however, as one of the first works to seriously consider how to attest to VMs running
applications in a very general setting.

The natural extension to Terra is the move from singular, verifiable applications to co-
operative, trusted groups of applications. Where Terra was mostly concerned with verification
and protection of a single virtual machine, the work in this area began to move towards building
trust between trustworthy components in order to form cooperative groups (coalitions). In par-
ticular, a series of papers from IBM attempted to group machines (and later virtual machines)
into coalitions in order to enable trustworthy cooperative computing.

This series of work relies on a trustworthy, verifiable base on which to run applications.
In the Trusted Platform on Demand (TPoD) work, this verifiable base consists of the ”standard”
attestation chain through the Linux kernel, after which applications are run and measured [65].
When a remote party wishes to verify the code on a TPoD, an identity CA and validation entity
are used to ultimately form the basis of trust.

The Shamon, NetTop, Trusted Virtual Domains, and Trusted Virtual Data Center (TVDC)
works expanded on this idea by separating applications into virtual machines [66, 57, 11, 70]. In
TPoD, significant complexity is introduced when a verifying entity receives the policy in use on
the TPoD. Accurate analysis of the SELinux policy that dictates interaction between programs is

difficult. While some works have shown that it is possible to ask questions of an SELinux policy
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in a reasonable about of time [45], it is difficult to know that all relevant questions have been
asked. However, when applications are separated in virtual machines, the channels available for
sharing are much more limited, and their interactions are much easier to understand.

Additionally, the Shamon and TVDC papers attempt to extend MAC policies to a dis-
tributed setting. In other words, they attempt to ensure that MAC policies (such as SELinux),
are enforced not only on the systems on which they are installed, but also between select remote
systems. For instance, a MAC policy in a distributed setting may ensure not only that program
A cannot access data generated by program B, but also that program B cannot output data on a
network that is consumed by program A on a remote host. This idea of trustworthy, distributed
coalitions is referred to as a distributed reference monitor, since it attempts to provide reference
monitor guarantees in a distributed setting. Chapter 3 will discuss these systems in greater
detail, as they form a direct basis for the work in this thesis.

A new direction is emerging in trusted computing in response to the complexity introduced
by these solutions. Trying to attest to and measure all code on a system is a very complex task,
but a seemingly necessary one. If a program is not measured, what is to say that it cannot
tamper with the measured and trusted ones? Policy analysis has historically been quite complex,
so may not be a good solution in an arbitrary case. Fortunately, new processor technology
has allowed for the execution of small, isolated environments which are protected in memory
from even the OS/Ring 0 [3]. The Flicker work is a natural and direct implementation of this
processor feature [68]. Flicker simply takes the skinit instruction and executes an application in
the resulting measured, isolated execution environment. In this way, trusted applications can
execute in a measured environment independent of the rest of the system state. The downside
is that applications (or their delivery mechanisms) have to be modified for Flicker’s execution
environment, and the isolated execution environment makes sharing between protected programs

difficult. However, the required modifications to Flicker programs are reasonably simple, and
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provide a type of ”drop in and attest” application delivery that has the potential to make trusted

computing a great deal simpler than the current complex solutions.

2.5.1 Shortcomings

Unfortunately, these works suffer from serious shortcomings that motivate the beginning
of this thesis. Perhaps most importantly, the trust established between systems in all of these
previous works has not been enough to stop an attacker with physical (but not circuit-level) ac-
cess to the participating machines. For instance, attackers can reboot machines into a malicious
operating system and steal data in many solutions. Since an attacker with physical access is our
threat model, this is not sufficient to tackle the problems laid out in chapter 1. For instance,
if applications or virtual machines are not static, an administrator is trusted (without basis) to
make necessary changes. If an attacker either reinstalls the system so that he is the administrator,
or changes the administrators credentials by rebooting the machine and modifying the authen-
tication configuration, he can make arbitrary changes in these systems that will compromise the
information flow guarantees that we wish to establish.

Additionally, the these systems do not monitor the state of files in the hosting OS (or
VMM). Given that important security properties of systems are determined by the contents of
files in every major OS, this is a major problem. Even if these files are encrypted, new work
has shown that it may be possible to recover these encryption keys from RAM, and use them
to modify files on the hard disk [21, 42]. This thesis will explain how many of these problems
can be fixed, as well as other problems (such as VM management) which will be introduced in

chapter 3 and 4.
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Chapter 3

Shamon

3.1 Introduction

Traditional distributed systems are built upon the assumption that the systems have
integrity (i.e., they have not been compromised). As evidenced by the many serious vulnerabilities
exploited in the wild, it is difficult to believe that such an assumption is reasonable. Integrity
measurement hardware, such as the Trusted Computing Group’s (TCG’s) Trusted Platform
Module (TPM) [40] provides a mechanism that may be used to generate integrity statements
for individual machines. A variety of approaches that leverage the TPM to provide integrity
measurement guarantees have been proposed [71, 82, 79, 52, 50, 64]. However, none of these
approaches have been accepted as a basis for guaranteeing the integrity of distributed systems
in practice.

We argue that integrity measurement is not being accepted in practice because current
approaches do not satisfy classical integrity guarantees. In classical integrity models, such as
Biba [12], the integrity of a system depends on integrity of all the files it reads and executes. If a
process executes a low integrity program or reads data that has been modified by a low integrity
subject, then the process must also be low integrity. The TPM-based integrity measurement
approaches are effective for measuring well-known, static files, such as program code, but are
not effective at measuring system-specific files (e.g., configurations) or dynamic files because the
remote party cannot be expected to know the current value of these files. Further, Smith identifies

that a high integrity system must also protect its secrets (e.g., private keys) to prevent attackers
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from masquerading as the system [83]. In TPM-based measurement, seading1 is used to ensure
that data, including secrets, is only released to approved software configurations. However, once
the data is unsealed it may later be accessible to unauthorized subjects through compromised
software, misconfigured systems, and uncleared memory.

We identify three types of problems in using prior, TPM-based integrity measurement
approaches: (1) untracked modification of system-specific and dynamic data; (2) loss of system
secrets to low integrity code; and (3) the lack of control of software loads after verification. First,
since system-specific and dynamic data cannot be verified using TPM measurements, incorrect
administration and/or compromised programs may modify this data, and integrity measurement
will be ignorant of such vulnerabilities. Second, system secrets may be compromised due to the
same vulnerabilities as for dynamic data, but they may also be leaked across bootcycles. It is
well-known that many system BIOS’s do not clear physical memory [24, 21, 42], so a high integrity
system may be rebooted into a malconfigured system that retrieves the unsealed secrets from
memory. Third, while the TPM enables the verification of the software executed by a system,
it does not prevent the execution of low integrity software in the future. Further, the wider the
variety of software executed on a system, the more likely a compromise of that system. While
we do not want to “lock down” systems to a single, immutable configuration, we would like an
approach that enables systems to be installed where the integrity of data as well as software may
be tracked until the next installation.

The Shamon project [66] seeks to build integrity-ensured distributed systems based on the
idea of a system-wide reference monitor. A Shamon system is built upon of a collection of virtual
machine monitors (VMMSs) that launch virtual machines on behalf of authorized users. In these

virtual machines, any application can run, and the Shamon enforces the application’s security

'To simplify, the TPM seals secrets in a storage device by encrypting the source data using a key
derived from the TPM-internal secrets and unique fingerprints of the hardware and running software
(via PCRs) [40]. Therefore, subsequent unsealing is only possible by that same TPM, hardware, and
software.



29
requirements. The hosts mutually vet the integrity of each others’ Shamon trusted computing
bases to ensure that each satisfies the requirements for a true reference monitor [7]: complete
mediation of security-sensitive operations; tamper-protection of itself; and verifiability that it
enforces the intended security goals. For the Shamon system, we call the trusted computing
base on a given host the Shamon Core, or sCore for short, and it consists of the Xen hypervisor
and its privileged VM, domain 0. Because access to the sCore is tightly controlled and integrity
guarantees are sustained over time, users and applications can use Shamon hosts to run virtual
machines with confidence that their security goals are enforced. Note that this says nothing
about the integrity of the user’s VMs themselves, but guarantees the system upon which that
VM is running has not been compromised. This Chapter deals solely with creating trustworthy
sCore: secure management of the virtual machines that will be run on the sCore is discussed in
Chapter 4.

Consider a motivating use of a Shamon system at a university. Alice the graduate student
wakes up at noon and goes to class. Alice joins a live collaboration of class participants by starting
a VM in her classroom. At lunch, she surfs the Internet and exchanges personal communication
within a VM (perhaps different) at the local student union. After lunch, she heads to the
laboratory, opens a work VM containing specialized laboratory software, and performs research
while sharing data with the other graduate students. At the end of the day, she meets with her
advisor, shares summary data, and exchanges results. She heads home and plays a massively
multiplayer game with thousands of other gamers until dawn over the Internet. The "roles” of
Alice’s computing environment and the environments in which she interacts evolve constantly;
from class participant, personal communication, researcher, advisee, and gamer. What is different
in the Shamon is that her relationship with the hardware on which she runs her potentially many
VMs; to Alice, the hardware is simply a physical resource like a table or chair.

The challenges of this vision go far beyond the previously studied hardware-assisted, secure

boot procedures in integrity measurement [71, 82, 79]. Shamon must: (1) establish the integrity
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of the installed sCore ; (2) ensure that the integrity of the on-disk sCore image is maintained; (3)
ensure that the integrity of the running sCore is maintained; and (4) ensure that VM’s depending
on the Shamon only boot on integrity-guaranteed sCores (addressed in chapter 4). A failure to
completely address any one of these aspects will leave the Shamon, and ultimately Alice’s VMs
running on them, vulnerable.

We address the above challenges by using an authoritative root of trust installation (ROTI,
pronounced “rote”) to drive integrity measurement. To simplify, statements of software integrity
must originate from a well-known ROTI image, such as installation media. The system boot
mechanism must verify that dynamic data (e.g., system-specific configuration data) originated
from a ROTI. Because all data access and executing code are traceable to a ROTI image, the
integrity of the booted system can be assured. Further, we provide mechanisms complementary
to the ROTI approach to protect system secrets across reboots yet still traces their integrity
back to a ROTI. This represents a departure from traditional integrity measurement, as we seek
to measure that the system configuration and software emanates from a trusted source (the in-
staller) rather than extracting measurements of fized, known states. This simplifies the process
of integrity measurement and allows a diversity of system configurations without undue admin-
istrative overhead.

The remainder of this paper focuses on install, boot, and runtime activities flowing from
the above requirements. We consider initially how a system can be installed such that it can
subsequently present evidence that all relevant software and configuration originated from a
known and trusted ROTI (install). Second, we consider how the system is booted such that
it guarantees that the system state is driven only by those ROTI-installed system components
(boot). Finally, we develop techniques to produce evidence that the system continues to execute
within that stable, known state (runtime), e.g., the system runs only the installed software and

that the software and secrets are not compromised.
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While conceptually simple, it turns out that The ROTI approach requires several other
complimentary design and implementation decisions to achieve a high integrity system. For
example, once installed from a ROTI, the sCore must be protected to prevent later compromise
or misconfiguration. Further, it is not obvious that the ROTI approach is flexible enough or
performs well enough to support practical systems. Might it be too expensive to trace data
integrity to its installation? Might the system require changes that cannot be traced to the
ROTI? In this paper, we define a generic set of integrity requirements and demonstrate that
the sCore software stack be used effectively and integrity-verified based on these requirements.
We do not claim that the ROTT approach applies to general systems, but where comprehensive
integrity guarantees are required, the ROTI approach shows how to specialize systems to enable
such guarantees to be achieved and proven to remote parties.

In this chapter, we consider how a root of trust install can be used to establish and
sustain integrity for a distributed security architecture, called a Shared Reference Monitor or
Shamon system. A Shamon consists of a set of trusted computing bases, called Shamon Core
or sCore, one for each physical platform, that jointly enforce a single, mandatory access control
policy. In order to build a Shamon, it is imperative that each individual sCore be high integrity.
We explore this objective herein by detailing the requirements of a Shamon, including their
measurement and construction. We show that our enhanced sCore ROTI installation (which
should seldom be needed) can be completed in less than 10 minutes on a commodity desktop, of
which less than 10% is related to the ROTI-specific functions. Further, we show that the boot
time overhead associated with the ROTT integrity verification is nominal (< 5%). As supported
by these experiments, our claim is that systems that require strong integrity guarantees, such as
the sCore, can be practically installed and run based on the ROTI principle.

The rest of the paper is structured as follows. We begin in Section 3.2 by describing
the Shamon architecture and the traditional integrity measurement approaches and the security

challenges of extending them to a high integrity system indefinitely. This includes a detailed
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discussion of the attack vectors an adversary may use to exploit a Shamon system. From this
analysis, we develop in Section 3.3 a broad design philosophy and outline our working imple-
mentation of the sCore ROTI in Section 3.4. In Section 3.5 we present an assessment of the
costs associated with ROTT installation and subsequent integrity measurement, and conclude in

Section 3.6.

3.2 Background

The Shamon project [54] leverages integrity measurement techniques to enable the com-
bination of high integrity reference monitors on multiple physical machines into a single unit
that still satisfies the reference monitor requirements [7]. Previous integrity measurement ap-
proaches [71, 82, 79] leave several decisions unspecified, such that it is possible to build a Sha-
mon system that can be verified as high integrity when it is in fact under the control of an
attacker. Our goal is to develop an approach that ensures that when integrity measurement
claims a component is high integrity, it is high integrity relative to the Shamon approach. In
a Shamon system, this means building a high-integrity, verifiable base upon which VMs can
run. While the policies governing the creation, execution, and verification of VMs themselves is

critical to the security of this system, we defer the discussion of these issues to a future work.

3.2.1 Shamon System

We begin by defining a Shamon system, shown in Figure 3.1. A Shamon (i.e., system-
wide reference monitor) is a reference monitoring service for distributed applications. As shown,
distributed applications consist of sets of virtual machines (VMs), called coalitions, that execute
on one or more physical platforms. For example, Alice’s work VMs may comprise Coalition A
and her gaming VMs may comprise Coalition B. The mapping of coalitions to physical platforms
is many-to-many: many coalitions may run on a single platform and, as stated above, a coalition

may span multiple physical platforms.
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Fig. 3.1. A System-Wide Reference Monitor (Shamon) system: Coalitions of virtual machines
(VMs) may run across physical machines, but the sCore components collaborate to form a Sha-
mon that enforces the VM communication requirements within a coalition.

In order for a physical platform to become a member of a Shamon system, it must run
a high integrity software base, called the sCore. The sCore provides VM communication prim-
itives for distributed applications and access control over those communications. That is, each
sCore contains a reference monitor that is capable of enforcing a mandatory access control (MAC)
policy over VM communications. A Shamon is constructed from multiple sCore, so a single,
comprehensive MAC policy can be enforced over a set of VMs (i.e., coalition) that comprises
a distributed application. For example, different VMs in Alice’s coalition may have different
permissions. In a gaming coalition, the VM permissions may be determined by user identity
and/or their roles in the game. In a work coalition, Alice’s different laboratory applications may
have different permissions. Each sCore justifies its compliance to a common (Shamon) MAC
policy, and ensures its tamper-resistance using virtual machine isolation and secure, tamper-
detectable communication channels (e.g., IPsec). The end result is that the combination of
integrity-verified sCore in a Shamon provides the same function as a single reference monitor,

but the Shamon spans multiple physical platforms.
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Fig. 3.2. The integrity measurement in the sCore VM’s boot sequence.

The main breakthrough that enables the implementation of a Shamon system is hardware-
supported, integrity measurement. Traditionally, access control is enforced on individual ma-
chines with little or no guarantee that other machines are enforcing a compatible policy. If the
machines are in the same administrative domain, we may provide a common policy to each,
but there is still no guarantee that the machines are really enforcing that policy (i.e., they
may be erroneously or maliciously misconfigured). Distributed access control using trust man-
agement [16, 15, 55, 61] requires that each system develop its own representation of its access
control policy, making coherent enforcement impractical. Hardware-supported integrity mea-
surement enables systems to verify the function of others, thus enabling two machines to verify
their reference monitor guarantees and join forces to compose a system-wide reference monitor,

our Shamon.

3.2.2  Shamon Integrity Measurement

We now examine the application of traditional integrity measurement to an individual

sCore. While a variety of approaches have been proposed [82, 71], we apply the approach that



35
appears most appropriate for our system and software architecture, Trusted Platform on De-
mand [65] (TPoD) for integrity measurement of the sCore’s privileged virtual machine (Dom 0,
in Figure 3.2) and the Linux Integrity Measurement Architecture [79] (IMA) for sCore VM’s
services. Here, we detail integrity measurements, how they are constructed, and the semantics of
their integrity guarantees. In the next section, we describe integrity vulnerabilities relative to the
sCore approach, motivating the need for an approach that provides a more precise justification
for integrity.

The TPM [40] is a device that provides a limited computing platform and a small amount of
storage that is protected from the host machine. The TPM’s limited computing platform supports
operations for extending a hash chain (eztend), signing hash chain values for remote parties
to verify (quote), encrypting data (seal), and decrypting by particular system configurations
(determined by the current hash chain values, unseal). A TPM hash chain represents a sequence
of files loaded into the system. Some files may be executables and some may be data files
(e.g., configuration). The idea is that each software component measures (i.e., performs a TPM
extend) any software or key file before it loads it. Note that the authenticated boot semantics of
the TPM [9] means that it only extends measurements, but does not enforce integrity itself. If
this resultant sequence includes only high integrity files loaded in an acceptable order, then a
remote party can verify the system as high integrity, using the signed hash chain value generated
via quote. Note that verification depends on the remote party being able to determine the high
integrity hash value for each file measured, so current TPM approaches are only used to measure
executables and static data files.

As shown in Figure 3.2, integrity measurement of the sCore boot process (up to the Dom
0 Linux kernel) consists of a deterministic sequence of well-defined load operations outlined by
TPoD. A caveat to the previous description is that a core root of trust measurement (CRTM) is
necessary to bootstrap the measurement process by measuring itself and the rest of the BIOS

prior to loading the next layer of software, the stage 1 bootloader in the master boot record
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(MBR) off the primary boot drive (as configured in BIOS settings). This CRTM is stored in
a ROM section of the BIOS, and thus is at least partially resistant to tampering, provided the
BIOS is implemented correctly. Stage 1 then measures stage 2 prior to loading it, and stage
2 measures the Xen hypervisor and privileged operating system kernel (the domain 0 kernel).
Since the Xen hypervisor does not include integrity measurement software, the bootloader (i.e.,
stage 2) measures the domain 0 kernel and its initrd image, even though the Xen hypervisor
loads this kernel. As long as we trust the measured Xen hypervisor to load the kernel specified
by the bootloader, this is acceptable.

The sCore also includes services running in user-level on the Dom 0 kernel (i.e., in the
privileged, Dom 0 Xen VM). To ensure sCore integrity, all of these user-level services must be
measured, and we use the Linux IMA [48, 79] to do so. IMA enables automatic measurement of
all software (e.g., executables, libraries, and kernel modules) and can be used to measure static
data files when specified by the software.

For high integrity data whose values may be system-specific or change over time, the
remote parties cannot predict the data’s values, so their integrity cannot be verified by measure-
ment alone. Integrity measurement approaches use the TPM to encrypt this data (i.e., using
TPM seal) and decrypt it only when a certain software configuration has been loaded, using
TPM unseal. For the sCore, a sCore key would be sealed that would enable decrypting of the
sCore data. The sCore should verify the integrity of the system that sealed the key, but this

choice of sealing system is a sCore design choice.

3.2.3 Potential sCore Vulnerabilities

In identifying potential vulnerabilities of the above integrity measurement approach for
the sCore, we first define a threat model. We consider both remote attackers and a limited

local attacker. Remote attackers may provide malicious input to the sCore to try to inject code



37
or modify dynamic data. Integrity measurement should enable justification that our sCore can
protect itself from such threats.

We also consider the threat of a local attacker who can control the configuration of the
sCore, but does not attack the TPM itself. Such a local attacker may be a significant threat
because installing software or rebooting an sCore is much easier and less conspicuous than a
hardware attack on a TPM. Also, we do not address local attacks on the firmware of devices
other than the host computer. Others have proposals to address this problem [44].

Using the integrity measurement approach above, an sCore may be vulnerable to the

following types of threats:

e Untracked Modification of Data: Malformed inputs from remote users and miscon-
figured system due to local users may result in the malicious modification of dynamic
data (e.g., system configuration files). For example, /etc/resolv.conf contains a list of
system-specific DNS servers, so if an attacker could replace these with a list of malicious
servers they would compromise system integrity. The value of a DNS server list may not be
meaningful to a remote party, so the only viable solution is to seal the data to protect its
integrity. Sealing is vulnerable to misconfiguration or malconfiguration by local attackers,
high integrity programs compromised by remote attackers, and even low integrity software
run by either. In the last case, even when sealing records the low integrity system state, this
evidence would be erased by a subsequent sealing using a trusted system. An sCore must
be able to justify the integrity of its installed data, even if those data’s values cannot be

predicted in advance.

e Loss of System Secrets: Unsealed secrets may be lost by compromised high integrity
software, the execution of untrusted software in subsequent bootcycles and various hardware
leaks. Even if we control all paths that a remote attacker may use to compromise our

software, integrity measurement does not prevent low integrity software from being run
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that may simply leak the secrets. Further, rebooting the sCore presents some problems
because the contents of memory may persist across a reboot [24]. For example, not all
Intel BIOS’s clear memory on reboot, so a local attacker may be able to reboot into a
non-sCore system that is able to retrieve sCore secrets, such as IPsec private keys, from

memory. The sCore design must ensure that secrets cannot be used by attackers should

they be leaked.

Integrity after Verification: After a remote party verifies the integrity of a system,
integrity measurement does not guarantee that the integrity is maintained into the future.
We identify three potential problems: (1) authenticated boot does not prevent the loading
of low integrity software, whereas the sCore requires that no low integrity software be loaded
after attestation; (2) an insufficiently-managed sCore may contain software that does not
adequately protect the system from malicious inputs; and (3) a local attacker may be able to
reboot into a non-sCore system, while maintaining the Shamon’s communication channel.
First, authenticated boot does not prohibit the execution of low integrity software after
verification, so a remote party cannot be sure that a system remains high integrity. Second,
if the sCore services receive input from any potentially malicious sources, the integrity of
the system may be compromised after verification. Finally, if a local attacker can reboot
a system fast enough and locate the current IPsec session state, a non-sCore system may
be able to use an sCore communication channel. The sCore design must use integrity
measurement in a manner that maintains integrity after verification for a running sCore,

and retracts sCore connections when the sCore is terminated.
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3.3 Solution Approach

The goal of our solution is to ensure that sCore integrity can be traced back to acceptable
roots of trust. For integrity measurement, the roots of trust are the TPM itself, whose process-
ing is protected from the host, and the BIOS’s core root of trust measurement (CTRM), which
bootstraps the integrity measurement process. To design a high integrity system, we claim that
all facets of the system must be linked to a root of trust in integrity. The lack of this facility
in current integrity measurement leads to the vulnerabilities detailed above. We claim that one
additional root of trust is necessary (Section 3.3.1), outline the key design tasks for construct-
ing high integrity sCore (Section 3.3.2), and show how this design will justify sCore integrity

(Section 3.3.3).

3.3.1 Core Root of Trust Installation

We claim that it is important to leverage the installation process itself in establishing and
maintaining system integrity. We define trust in the installation as a root of trust installation
(ROTI). A ROTI is an installer system provided by a system distributor. When a system is
installed, the ROTI loads all software and configures all system-specific data. All software,
system-specific data, and secrets can be traced to the ROTI. Further, the set of sCore software
is limited to restrict the amount of dynamic data and the ways that it can be modified. The
result is that ROTI-based, integrity measurement can prove that the sCore software and data
originate from the ROTI, such that a remote party can verify the integrity of a system only having
to trust the CRTM, TPM, and ROTI. Integrity measurement reverts to proving association of
sCore software and data with these entities.

In this section, we show how integrity measurement is justified by this design. However,
the main challenge in this paper is to show that the ROTI is a practical way to justify integrity.

First, system distributors already provide system installations as a unit, even with signed files,
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so the practical foundation of verifiable installations is present. Second, the ROTI is a well-
defined installer system provided with such installations, so the remote party can verify system-
specific data are provided by a particular ROTI via sealing by that ROTI. Third, as detailed in
Section 3.5, the cost of installation and verification based on the ROTI are modest. Since the
sCore is designed to be a reliable trusted computing base, it should not be modified frequently,
it should not require arbitrary system administration and system changes after installation that
could introduce uncertainty into its integrity. Our claim is that the ROTI limits the flexibility
of system configuration in ways that are reasonable for trusted software and fundamental to

achieving system integrity.

3.3.2 sCore Design

The sCore design includes three key tasks to enable integrity measurement to link the
system to roots of trust. The specific function and implementation of these tasks are described
in Section 3.4.

Installation: A ROTI installs a sCore system. The TPM builds statements that a remote party
uses to verify that all software and system-specific configuration data is traceable to the ROTI
installation.

Booting: The booting system uses statements generated at installation by the ROTI to generate
integrity measurements that bind the specific boot of the sCore to the ROTI and TPM. The
sCore uses the TPM to generate system secrets (e.g., IKE private keys) on each bootcycle (and
erase them on shutdown), linking them to the TPM. Ouly the TPM stores secrets that span
multiple bootcycles.

Runtime sCore : The sCore’s user-level software is limited to a near-minimal number of ser-

vices necessary to bootstrap user VMs? and monitor their communications, as necessary for the

>The code loaded into user VMs is not limited by this approach, although the Shamon policy may
restrict it.
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Shamon. Fixing the sCore software packages enables the remote party to predict the expected
sCore software, which makes verification more predictable. It also limits the number of open
network ports in the sCore, thus simplifying the task of showing that high integrity services

protect themselves from malice.

3.3.3 sCore Integrity

We show how ROTI-based integrity measurement approximates classical integrity, in this
case Biba integrity [12]. The sCore is a two-level system, where each sCore is high integrity and

inputs from any other subjects are low integrity.

Requirement 1: High integrity sCore installation: A remote party will accept an sCore as
high integrity if it can prove: (a) all executing sCore software originates from an acceptable ROTI
and (b) all sCore data originates from an acceptable ROTI.

Since the ROTT installer is trusted and all software and system-specific data can be verified
as originating from the ROTI, then the sCore installation is high integrity. As the ROTI records
the set of hashes for all software and installed files on the root filesystem, a remote party can
verify that the files have the expected hashes. For system-specific files, their hashes can be
verified based on those generated at install time. We find that a few files in the root filesystem
may be modified at runtime (see Section 3.4.2), but they can be handled as exceptions.

Informally, the goal of the ROTT installer is to establish an acceptable system state, as
defined by the goals of the system, with respect to both data and code. While a remote party
may use measurement lists to verify running code, data correctness is much more difficult to
verify, as potential values for data may vary widely from system to system. The ROTT acts as a
trusted party to establish acceptable operational system data that varies from system to system.

Consequently, this means that if the ROTI installer turns out to be untrustworthy, the code can
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still be verified by a remote party, but the data on the machines (config files, for example) may

be malicious.

Requirement 2: High integrity sCore across bootcycles: When an sCore system is booted,
we have two requirements: (a) a sCore must verify the integrity of its system-specific data in a
manner that can itself be verified by a remote party and (b) a sCore must limit any secrets to a
single bootcycle if they may appear in the its memory in cleartext.

First, a remote party depends on the sCore to demonstrate that it successfully validated
its system-specific data in order to justify requirement 1b on a boot. This measurement must
bind the ROTI to a value representative of this data. Our approach uses a process that does not
depend on such data to compare expected and actual values of such data. Second, the sCore has
a small number of keys that its uses (i.e., appears in cleartext in sCore memory), such as its
IKE private key. Our sCore design generates such keys on each bootcycle to prevent their theft
and use in an untrusted system. Using integrity measurement, we associate the keys with the
bootcycle by using integrity measurement to record the new certificate when it is generated. The
sCore design takes steps to prevent the use of such secrets after boot as well. This requirement

goes beyond the traditional Biba requirements to prevent masquerading as required by Smith [83].

Requirement 3: High integrity sCore at runtime: After verifying a high integrity sCore ac-
cording to Requirement 1, a remote party will continue to accept an sCore as high integrity if it
can additionally prove: (a) that it has checked the integrity of all the software will be loaded by the
sCore and (b) all sCore software protect themselves from malicious input (e.g., code injection).
First, the sCore restricts the software that can be loaded (i.e., into the domain 0 VM) to
a prescribed set, so the remote party can tell that: (1) all the sCore software is measured and (2)
no other software will be loaded. Also, the sCore does not allow users to login to the system (i.e.,

there are no such programs at the sCore level and no user identities), so user modification of the
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Fig. 3.3. sCore’s lifecycle: (1) a ROTT installs the sCore by generating a verifiable root filesystem
and creating TPM keys; (2) the sCore boots verifying its own root filesystem’s integrity; (3) two
sCore attempt to form a Shamon , each trust service makes a quote request to generate an
attestation; and (4) a successful Shamon join results in an IPsec tunnel between the two systems.

sCore at runtime is not possible 3. Since all sCore processes are identified at verification time,
the system will retain its Biba integrity throughout its run. Second, Biba requires that processes
accept no low integrity inputs. However, the sCore has four software components that must have
network interfaces (see Section 3.4). Each supports only a small number of legal commands, so
a detailed evaluation of the correctness of input filtering is possible. We do not perform such

filtering at present, but the system design makes such filtering practical.

3.4 Implementation

Our prototype sCore is shown in Figure 3.3. The ROTI is an Ubuntu Linux installer
kernel version 2.6.20 that we modified to load our near-minimal sCore. The sCore consists of
a Xen hypervisor version 3.0-unstable running a paravirtualized Linux domain 0 kernel version

2.6.18 with SELinux [2]. We use the Xen sHype [78] and SELinux Labeled IPsec [53] to authorize

3Note that an user modification of the root filesystem would be detected at boot-time.
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[Type Programs [Source[Purpose |
System Initialization |Std User-space initialization
Initialization| openssl [Std Generate IPsec key pair

TPM utilities|Mod |TPM ops

Local udevd Std Used by Xen
Daemons logd Std Logging daemon

getty Std Terminal support
Network dhclient [Std DHCP client
Daemons racoon Mod |IKE daemon

xend Std Load User VMs

trustd New Shamon trust service

Fig. 3.4. User-level software in the sCore: (1) System initialization software is run at startup
only; (2) Local daemons are not network accessible; and (3) Network daemons have at least one
network interface. Source indicates whether the sCore version is unmodified (Std), modified
(Mod), or new for the sCore (New).

inter-VM communications for enforcing Shamon MAC policies [66]. We have extended this Linux
kernel with the Integrity Measurement Architecture (IMA) patch [48, 79]. The key sCore services
(i.e., the ones that implement Shamon operations) are the: (1) trustd (i.e., the trust service)
that implements Shamon operations; (2) the IKE daemon racoon that creates secure (IPsec)
communication channels to connect sCore into Shamon; and (3) xend that bootstraps user VMs,

The sCore user-level software is shown in Figure 3.4. The software is collected into groups
depending upon whether it is only run at initialization, is only accessible to local processes, or is
a network-facing daemon (by type). Figure 3.4 also shows which software was modified for the
sCore. The trust service is a new component specifically for the sCore, and racoon and TPM
utilities have been modified to work with the trust service. The TPM utilities software is derived

from IBM Research’s TPM software [46].

3.4.1 Installing the sCore

A typical installation requires the user to answer 10-20 questions regarding the configu-
ration of their system. These questions cover a variety of topics, such as system preferences

(e.g., language selection, keyboard, etc.), disk partitioning, network setup, user names and
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passwords, and any additional packages that the user may want to install. We pre-seed the
debian-installer with a file called srm.seed that provides answers to these questions. Sup-
plying the pre-seeded answers to most of the question is straightforward (e.g., we use the DHCP
client to obtain the network configuration, and no user accounts are created), but for disk par-
titioning, there are several legitimate answers. In our implementation, we choose separate boot
and root partitions to provide the option of an encrypted root file system. However, other “safe”
choices are possible. Ultimately, we intend to define an interface for the user to choose among
these “safe” options for partitioning.

The sCore ROTI consists of a custom installer kernel (e.g., including TPM libraries),
initrd, the debian-installer, and the set of packages that may be loaded. The debian-installer
installs the ubuntu-standard virtual package, which in turn, installs its dependencies. This part
of the install includes base libraries, such as libc, and a minimal software install (from the
Ubuntu folks perspective). Some of these packages are not used in the sCore, so they may be
removed. The standard install is followed by an installation of custom packages that includes: (1)
customized TPM software utilities (for generating measurements, attestations, and unsealing);
(2) a customized kernel package containing the Xen hypervisor, the paravirtualized Linux kernel
(customized to include Linux IMA), and supporting configurations and scripts; (3) ipsec-tools
packages; (4) our sCore trust service; and (5) any additional packages required to fulfill depen-
dencies. These packages are md5-hashed, and their values are then signed with our ROTT’'s GPG
key4 and included in a file Release.gpg. The ROTI validates each software package against its
hash prior to installation.

Although we do not implement it, this is the stage of the installation where signed patches
could be automatically downloaded from the same remote package source used in previous stages

of the installation. This would give the ROTT installer the ability to stay up-to-date with respect

“Since we modified some of the packages to be installed, we had to generate our own GPG key for
the ROTI. The intention is for the distributor to sign their version of the sCore installation.
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to vulnerabilities. However, due to the large number of complications with respect to the plethora
of patching stratagems employed today, we choose to discuss this in future work.

Once all the packages are installed, post-installation scripts complete the configuration.
First, this script evicts the old TPM state and creates new TPM keys for signing (i.e., quoting)
attestations. Second, it generates an entry in the Grub bootloader’s configuration file (i.e.,
menu.lst).

The custom installer also links the installed root filesystem to the ROTI. The ROTI
computes a hash for each file in the root filesystem and collects these hashes into a single file
called md5sums.txt. Since the root filesystem is of moderate size, this operation is practical
(about one second). The ROTI then uses the TPM to seal the file install md5sums.txt to
the current PCRs for the running installer, so that it can be opened (i.e., unsealed) only by the
trusted sCore when it is booted. When the file is unsealed, the sCore measures the sealing PCRs
(i.e., of the installer) to link the file to the ROTI. Note that this file need not be secret to the

sCore.

3.4.2 Booting the sCore

As the sCore is booted, the individual stages (see Figure 3.2) collect integrity measure-
ments to justify that the sCore’s integrity can be linked to its ROTI installation. Booting the
sCore involves booting the Xen hypervisor and Linux domain 0 kernel, verifying the integrity
of the root filesystem, initializing the system, and starting the sCore services. Each step is
accompanied by integrity measurement tasks.

First, the Trusted Grub bootloader [1] boots the Xen hypervisor. Prior to booting, Trusted
Grub measures the Xen hypervisor, domain 0 Linux kernel, the stage 2 bootloader, the initrd,
and the command line boot parameters. The installed Grub configuration file menu.1st specifies
the necessary measurements, and Trusted Grub’s current functionality supports such measure-

ments.



47

Next, the Xen hypervisor loads the Linux domain 0 kernel. Our domain 0 kernel is a
Linux 2.6.18 kernel modified to run as a Xen virtual machine (i.e., paravirtualized) and extended
to perform integrity measurement using the Linux Integrity Measurement Architecture (IMA)
patch [48, 79]. The bootloader measures the kernel, so we depend on the integrity of the Xen
hypervisor to ensure that the correct domain 0 kernel is loaded. Using Linux IMA, each user-level
executable, libraries, and kernel modules are automatically measured.

Initialization of the sCore user-level services starts by verifying the integrity of the root
filesystem using the install rootfs quote from the installation. A script in the initrd checks
the hashes of each file in the root filesystem with the hashes in md5sums.txt. The integrity of
md5sums . txt is verified by ensuring that PCRs of the sealing system correspond to a legitimate
ROTI. To enable remote verification, an IMA measurement entry containing the sealing PCRs
(i.e., the ROTI PCRs) and file name is recorded. The file contents are system specific, so they
need not be provided in the measurement.

We detected that a small number of files (three) in the root filesystem are modified in
the course of a sCore initialization. These files include mtab, blkid.tab, and blkid.tab.old.
For example, mtab maintains a list of currently mounted filesystems, so it is written on each
initialization. There are a number of options for handling these exceptional cases: (1) verify
these files locally using trusted program; (2) move the files out of the root filesystem (e.g., link
to a file in /var); or (3) submit the modified versions to the remote party for verification (since
the number is small). As some files may be security-sensitive, such as mtab, that a mechanism
to validate some exceptions will be necessary.

Next, the sCore generates the IPsec keypair and IPsec certificates for the bootcycle. Recall
that we generate a fresh keypair on each boot to prevent the theft of such secrets from memory
(see Section 3.2.3). The IPsec keypair are generated using openssl. We bind the new key pair’s
certificate to the TPM by generating an IMA measurement of the certificate. This binds the

keypair to the bootcycle and TPM. In future work, we will then simply modify ipsec-tools to
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check that the attestations being exchanged during racoon’s negotiation include the openssl
certificate used to secure the connection.

Finally, the sCore must bootstrap itself as a networked device capable of participating in a
Shamon . We use DHCP to obtain an IP address for the sCore . Thus, the sCore includes a DHCP
client in its software stack. The DHCP client is the only service that accepts unauthenticated
input currently 5 Next, the sCore must be able to locate the authorities for joining Shamon .
This includes one or more Privacy CAs and one or more Shamon Authorities. The former enable
the sCore to securely obtain the public keys of other sCore systems. The latter enables the
sCore to identify other sCore and their mapping to distributed applications. These identities are

provided by the installer.

3.4.3 Running the sCore

Once the sCore is initialized completely, it can participate in one or more Shamon. In order
to join a Shamon, the sCore must convince a remote party that it is a legitimate, high integrity
sCore via an attestation (i.e., a freshly signed integrity measurement) [71]. After a successful
attestation, the sCore officially joins the associated Shamon, downloads the Shamon mandatory
access control (MAC) policy, and runs and migrates virtual machines (VMs) for the Shamon dis-
tributed applications. Over its lifetime, the sCore must protect itself from malicious modification
and the loss of communication secrets (i.e., IPsec keys).

First, Figure 3.4 lists the software that is running in our sCore prototype. All software is
loaded at initialization time, and no further software is executed by the sCore. The fundamental
sCore services are xend which launches and migrates virtual machines, racoon which is an IKE
daemon (specifically, for the ipsec-tools IPsec suite), and our trust service which performs

mutual attestations with other sCore to build Shamon. The other programs initialize the system

"However, methods to authenticate DHCP have been proposed [29].
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(init and getty), support service functions (such as logging in logd), and obtain an IP address
(dhcpe, as described above).

A Shamon join invokes the trust service to perform a mutual attestation with a remote
sCore . The trust service receives a nonce from the remote sCore(i.e., a challenge), and generates
an attestation (e.g., response) using its TPM (e.g., see the Linux IMA attestation protocol [79]),
plus the trust service generates the challenge for the other sCore to do its attestation. The attes-
tation quote is sent with the IMA measurement list to the remote sCore. A successful attestation
requires that: (1) the IMA measurement list of hashes (i.e., software loads and verification of
the root filesystem) correspond to the hash aggregate signed in the attestation and (2) that the
remote party accepts the ROTI that generated the root filesystem (whose integrity check is in
the IMA measurement list).

Once a Shamon join is complete, the trust service updates the MAC policy for the sCore.
The MAC policy is the current policy being enforced on VM communications. It consists of
three components [66]: (1) the Xen sHype policy that governs local VM communication; (2) the
SELinux policy for Labeled IPsec that governs remote VM communications; and (3) the IPsec
policy that links cryptographic provisioning with MAC of communication. These policies are
initialized based on input from the Shamon authorities, but each Shamon defines its own MAC
policy components. We note that these policies persist only within one bootcycle, so there is no
impact on the root filesystem or the integrity of the sCore itself for future boots.

The near-minimal sCore must protect itself from malicious input. Only dhcpc, racoon,
xend, and our trust service may accept messages from remote parties. Further, all xend messages
must originate from Labeled IPsec tunnels. While we do not provide a formal proof of secure
input handling, verification is practical given the small number of programs. The trust service
messages are limited to sCore initialization/updates, attestation requests/responses, and MAC
policy updates. Furthermore, xend is written in Python and has a carefully-designed module to

filter input. Evaluating input filtering of these services is future work.
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Fig. 3.5. A performance breakdown of the major tasks in the install phase. The majority of the
time is consumed by the standard install.

The remaining challenge is to prevent an IPsec session from being hijacked by the re-
boot of an untrusted system that can read memory from the previous boot. This is only a
problem when a machine is rebooted with the power on. On a normal shutdown, a script
/etc/init.d/stop is invoked to clear the IPsec state from the kernel. Some systems crash and
reboot automatically without a shutdown, so the sCore implementation must account for this as
well. A sCore crash should be infrequent and should not automatically reboot the system, but
addressing this specifically is future work. From the remote party’s perspective, it must detect
a broken sCore connection. To do this, we use the IPsec dead peer detection messages set at 10
second intervals (i.e., longer than the currently practical reboot time) to detect whether a peer
is not longer an active sCore . After this time, a mutual attestation is required to reconnect the

sCore.

3.5 Evaluation

We evaluate the ROTI-based sCore by measuring its installation, boot, and runtime over-
heads. All of the following experiments were run on Dell Precision 380 machines with 2.8 GHz
Pentium D processors, 1G of memory, and 120G PATA disks. The installer is based on Ubuntu
Edgy (6.10), and installs the March 2nd Xen-Unstable build of Xen, which uses a patched 2.6.18

Linux kernel.
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During installation, the ROTI performs several tasks beyond what is included in a normal
installation, detailed in Section 3.4.1. We measure the performance of each of the following
discrete tasks: (1) install sCore -specific software packages; (2) create TPM signing keys; (3)
update the bootloader configuration in menu.1lst to boot the custom kernel; and (4) build the root
filesystem integrity file md5sums . txt and TPM-Seal the file (binding it to the ROTI). Fortunately,
these operations have a minimal impact on performance. As can be seen in Figure 3.5, the normal
operations involved in installing an operating system dominate the total time to install sCore,
as the operations we add only comprise 8.4% of the total installation time.

We also examine the overhead of the resultant sCore boot compared to a Xen system
boot. The only additional operations the sCore requires at boot-time are: (1) the integrity
measurements of Linux IMA; (2) the IPsec key pair generation using openssl; and (3) the root
filesystem integrity validation. The IMA integrity measurements cost on the order of milliseconds
for the small amount of measurements made [79], and the IPsec key generation is also fast at
0.62 seconds.

The root filesystem validation requires hashing the entire root filesystem and comparing
to the expected hashes in md5sums.txt. The hash computation consumes an average of 1.36
seconds. As we timed the boot sequence, the total boot process took an average of 69 seconds,
making the overhead added by key generation and filesystem validation quite small (less than
3%).

After boot, most of the overhead in the sCore drops out. IMA has already hashed the
programs that are loaded and extended the appropriate PCRs, the root filesystem was hashed
once and does not need to be hashed again, and the list of md5 hashes has already been unsealed.
At this point, the only notable performance impact on sCore is the exchange of attestations that
takes place before encryption communication between the sCore is established. This adds 2.31
seconds to the average IPsec negotiation, and needs only be performed at every phase 1 security

association time out. Of this, 0.93 seconds is used to make the attestation to be given to the
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remote party, and 0.07 seconds is used to verify the remote party’s attestation. The remainder
of the time is devoted to network communications and the actual transmission of nonces and

attestations.

3.6 Conclusions

In this paper, we developed an approach to building and verifying high integrity systems
based on a root of trust installation (ROTI). The ROTI links both software and system-specific
configuration files back to the trusted installer that generated them. While the ROTTI idea is
straightforward, a number of challenging design decisions must be made to implement it correctly
using the TPM hardware. Developed from a clearly defined set of requirements that must be met
to build a high-integrity system, we have explored the systemic requirements of installing, booting,
and measuring the runtime integrity of the ROTI-installed sCores. The implementation and
experiments demonstrate that we can build a practical large-scale integrity-measured distributed
Shamon system. In the future, we will explore further use of the Shamon for constructing
large distributed application environments, leveraging the homogeneity of the integrity-assured

components (sCore) to enable distributed trust.
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Chapter 4

Trusted Virtual Machine Infrastructure - TVMI

4.1 Introduction

In Chapter 3 we introduced a scheme to create remotely verifiable VMMs and control
infrastructure capable of enforcing complex MAC policies to form a reference monitor. However,
little was said about how the system would actually be used. For instance, in order to protect
the sanctity of data on these Shamon systems, all user accounts needed to be disabled to prevent
any tampering of the system by remote administrators or users. Consequently, these systems
have no way to start virtual machines since there is no daemon capable of servicing remote
virtualization requests by default. Since there are no users in the system, no such service can
be manually started or installed. Moreover, whatever virtual machine controls we include must
be quite flexible to fully take advantage of the trust relationships that the Shamon architecture
supports, while not compromising the security guarantees that the sCore provide.

Given that we have created a platform in Chapter 3 truly capable of providing stringent
security guarantees, the natural next step is to create a management infrastructure capable of
interacting with the sCore which comprise the TCB of each physical machine. Since the goal of
the Shamon is an Internet-scale infrastructure for trusted virtualization, we must look outside the
obvious solutions in order to find something scalable which works in the Internet model. Having
disparate authentication, policy, and mechanisms for each machine capable of hosting virtual
machines will not work at this scale. Instead, some method of authentication and authorization

that is significantly more efficient than pairwise negotiation is required.
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However, as we have discussed in chapter 2, enabling trustworthy virtual machine controls
is more complex than simple access control. We need to enable different usage models than
traditional systems, under tighter constraints. Take, for instance, a typical computer science lab
setting. Often, there are a number of systems available for personal use, as well as additional
desktop or server machines scattered around for research. As research projects change and data
is collected, these machines are often wiped clean, followed by a re-installation of the system’s
OS and configuration for a particular research purpose. The purpose of machines changes so
frequently, and the experimental nature of many research projects makes security (especially
isolation) so important that it represents a good example of a system where a usable shared
reference monitor that provides VMM services is required. If the users in this system can easily
create, start, stop, and migrate virtual machines around platforms that they can verify, they can
gain a great deal in security, flexibility, and utilization. More specifically, users know that when
they run virtual machines, certain security goals will be enforced on those VMs.

Additionally, part of the strength of the general shared reference monitor approach is
that it is capable of supporting coalitions of virtual machines. These coalitions use guarantees
provided by the sCore to establish mutual trust in each other, which enables secure operations
that were not previously possible. Take for example, trusted distributed computation. With a
trusted coalition, distributed computation jobs don’t have to be repeated, they can simply be
handed off to a trusted member of a coalition. Since the remote node is part of the coalition
and thus has been shown to be enforcing the coalition’s policy, it can be trusted to perform
the distributed computation in many instances. It is important for our virtual machine control
infrastructure to support meaningful coalitions as a central motivating example of the Shamon
work as a whole.

This work is also concerned with identifying the major players involved with trusted,
distributed virtualization. Each of the entities in the Shamon system has different security goals

and concerns. Moreover, some of these goals are in opposition to each other. For instance,
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members of a coalition may want all the resources possible, whereas owners of physical machines
may not want to give out all of these resources. In general, we wish to say something about
the motivations of the parties involved, and devise a system whereby each party is capable of
achieving the guarantees it requires. This is particularly important in a wide area network setting,
such as the Internet. Administrators of machines may not (and probably will not) know each
entity that wishes to use their physical resources for running virtual machines. We show that a
trust model which authenticates users as belonging to a larger group makes more sense in this
setting. We also discuss the necessary infrastructure required to support this model, and show
its feasibility.

To summarize, we need to support the following items in order to realize the vision of a

Internet-scale trusted, distributed, reference monitor comprised of trustworthy sCore:

e Standard virtual machine operations such as creating, deleting, starting, stopping, and

migrating VMs

e Coalition operations such as creating, joining, and leaving a coalition

e Scalable authentication and authorization for owners and users of physical resources

In order to accommodate these usage models, we create a Trusted Virtual Machine Infras-
tructure (TVMI), by which users can control their virtual machines. By enabling the creating and
starting of virtual machines on different secure, userless VMM platforms (the sCore), we show
that the shared reference monitor paradigm can both be made usable and general enough to be
used in many applications. In order to enable a wider variety of usage patterns, the TVMI must
enable useful virtualization control operations while preserving the important security guarantees
of the Shamon system. Most importantly, our design ensures that every party involved is free to
pursue their own self interest, without compromising another party’s security requirements.

Additionally, we show that it is possible to prove certain security guarantees about the

TVMI in the face of a network attacker capable of interleaving multiple protocol instances,
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sniffing all network traffic, and interjecting arbitrary data onto the network. This is done with
formal protocol verification tools, in order to ensure that every party in the system achieves the
guarantees it needs. In doing so, we create a system that provably provides both security and
provable guarantees to the parties involved.

The TVMI forms an important part of the Shamon design as a whole: the TVMI is
the portion which will actually provide the services which users care about. The sCore should
remain in the background, providing services silently, while the TVMI does the difficult work of
accommodating complex requests while maintaining the security requirements of the users in the
system.

In this chapter, we attempt to address the concerns discussed above in the construction of
the TVMI. We give a design and description of the TVMI in this chapter, while implementation
and validation details are reserved for chapter 5. Specifically, we give an overview of the TVMI
design in section 4.2. We then detail how this design was achieved by exploring the design
requirements and goals of the TVMI in section 4.3. We then describe, in detail, the design of a

protocol to accomplish these goals in section 4.4.

4.2 Overview

Figure 4.1 gives an overview of our solution for secure virtual machine management, the
TVMI. Section 4.3 will give a more detailed overview regarding how this design was achieved,
and section 4.4 will detail the contents of messages that are passed, but this section aims to give
a description of the system as a whole.

The fundamental idea behind the TVMI is that there are two management entities in the
system. The MA, or machine authority, is responsible for mediating access to the computing
resources provided by the physical machines. The CA, or coalition authority, is responsible

for protecting the users data (in the form of VMs). Between each other, the CA and the MA
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Fig. 4.1. Picture of the full TVMI infrastructure

negotiate usage of the resources the MA has (physical machines) and the resources that the CA
wants (machines to run VMs).

The CA’s role in the TVMI is to manage the coalition and act on the user’s behalf in
controlling the execution of virtual machines on physical hosts. When the user wants to run a
virtual machine (or perform some other action on a coalition VM), the CA acts as his agent to
make sure the request is carried out efficiently and securely. Therefore, the CA must manage
authentication and authorization for users to access the virtual machines in the coalition. For
instance, the CA must maintain a record of which users are allowed to perform which operations
on which virtual machines. Once a user submits an authorized request to perform some action
(starting a VM, for instance), the CA negotiates with an MA for use of a physical machine
(an sCore, as described in chapter 3). However, the CA does not wish to run a user’s VM on
just any machine. What if the physical machine ran a rootkit that copies any VM it receives
to an attacker’s machine? Doing so would violate the CA’s goal of protecting a user’s data.
Consequently, the CA must also ensure that coalition security goals are achieved on the physical

machines it uses to fulfill user requests. In order to do so, the CA first requests a physical resource
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S from the MA. The CA then asks for an attestation from S, and checks to see if the state of
software on S is compatible with the coalition’s security goals. By performing the attestation
check itself, the CA ensures that the final executor of the user’s request conforms to the user’s
security needs. This design enables the CA to act as an agent for the user, since the CA takes
user requests and fulfills them, according to a pre-defined set of security requirements.

The MA, on the other hand, is unconcerned with protecting user data. Instead, the MA
acts as an agent for the owner of the physical machines, ensuring that physical resources are only
given out to coalitions according to a policy that the machine owner dictates. Practically, this is
reasonably simple. The sCore register with the MA when they boot up and establish a shared key
with the MA. The MA then receives requests for resources from the CA, and determines which
sCore should be used. The MA then returns a public key to the CA, which allows it to verify the
sCore’s attestation (as described above), so that the CA can effectively enforce the coalition’s
security goals. The MA also includes an authorization token in its reply to the CA, which the
CA will present to the sCore to prove that it is allowed to submit the approved request. In short,
the MA provides a central access point for resource management, public key infrastructure for

attestation keys, and mediation of physical resources.

4.3 Requirements

Before designing the TVMI, we must understand what a trusted virtual machine manager
must be able to accomplish. In general, the TVMI must be able to fulfill security and usability
goals for multiple participants in the system and must be able to do so when faced with an attacker
who has physical access to all physical machines, including the ability to reboot, toggle power,
insert media and foreign devices, etc. We do not consider an attacker capable of circumventing
the physical security of the TPM, however, by means of circuit-level tampering.

The first participant is the end user who wishes to perform some action on a virtual

machine. Clearly, the user must have some mechanism for performing actions on his virtual



59
machines which are being run by the sCore in the Shamon. Just as with a VMM that is not part
of a distributed reference monitor, the user must be able to start, stop, suspend, and migrate a
VM. If a user can perform these actions, a user does not give up any flexibility in the Shamon
system as opposed to basic remote virtual machine management, as these are the primitive
operations performed on virtual machines today (other operations, such as load balancing, are
simple compositions of these primitives). Ultimately, the user wishes to run his virtual machines
on some type of secure VMM or trusted computing base (TCB).

However, to completely realize the potential of the design in Chapter 3, a user must
be able to participate in a coalition of virtual machines. Without this, a user can trust a
given sCore, but is unable to build meaningful trust between virtual machines in a collaborative
group (coalition). This functionality is important to our design: if applications run in virtual
machines, and applications need to cooperate to provide needed functionality (as recent trends
in distributed/Web 2.0 applications have demonstrated), virtual machines in the TVMI need to
be able to form trusted, cooperative groups, which we call coalitions. The coalitions will then be
used to form distributed, transitive, trust relationships.

In general, the idea is that only VMs that conform to specific coalition policies will be
allowed to join the coalition. For instance, if the coalition policy for VMs is that each VM must
be running an SELinux strict policy, two VMs in the coalition would be able to assume the other
was running the SELinux strict policy. This precludes the need to perform expensive pairwise
verifications with each and every VM they interact with for each interaction that requires this
property.

Consequently, we wish to support a user joining a VM to a coalition, listing all possible
coalitions, and confirming another VM’s membership in a coalition. By doing so, we support the
basic coalition primitives, and allow useful trust to be constructed between virtualized applica-
tions. This allows a member in a coalition to see which VMs are also members and thus interact

with them different than if they were untrusted.
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But in order to fully understand the security requirements that these operations require,
we must first consider the goals of each entity that participates in the TVMI. First, we consider
the end user, who wishes to control virtual machines. A user has somewhat different security
requirements in a trusted virtualized environment than a traditional virtualized environment. In
particular, the user must be able to verify a number of things about the sCore on which his VMs
run. Firstly, he must ensure that it is not running any malicious code when his VM starts. The
user must also be able to verify that the sCore contains a policy for network communications
compatible with the user’s goals. Additionally, the sCore must make sure all of these goals con-
tinue to satisfied if the VM migrates. In other words, the VM must not ”leak” to an unacceptable
environment or run without being directed by the user.

This is a user’s most fundamental security requirement: VM data must not leak to a
party except that which the user approves. This means that the VM itself must not run or be
transferred to an unapproved party, nor may the VM itself leak data as it runs.

The other fundamental entity in the system is the owner of the physical machine(s). Here,
the security requirement is simple: the owner of the sCore wants to ensure that the only jobs
that run on the sCore are jobs that have been ”approved” by him, in some way. In other words,
every job that runs on the sCore must be subject to some policy check, as designated by the
machine owner. This is critical in an Internet-scale open system, as the owner of a set of physical

machines wants to prevent abuse of the physical resources being provided.

4.3.1 TVMI Requirements

The Shamon architecture attempts to provide much more functionality than a single user’s
management of their own virtual machine, however. Users should be able to have a large number
of virtual machines, for one. If users want to migrate these virtual machines with reasonable

performance, this may imply some centralized, managed storage. Migration between sCore can
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occur without networked storage, but this means the entire VM image will have to be migrated
from system to system, which can be prohibitively time consuming between remote networks.

Additionally, users would like to join coalitions of virtual machines, where all member of
the coalition conform to some set of security goals. In some way, users will have to determine
what goals which sets of virtual machines will enforce and which coalitions they will belong to.
In some way, the coalition as a group will have to decide on these policies and group membership.

Given that much of the benefit from the Shamon architecture comes from location-
independent security, the TVMI should be able to support the preservation of security goals
on whichever sCore a user’s VM executes. For instance, if a user moves his VM from sCore A to
sCore B, whatever management architecture the user used to move the VM should provide the
necessary tools to ensure that sCore B is still enforcing a super-set of the security goals the user
desires.

Additionally, users will need to be able to manage their virtual machines in the Shamon.
If a user starts a web server VM and then forgets about it, he will need to be able to locate it
later. Since it may migrate without him knowing, he will need some way of finding it that is
updated as migration events occur. Additionally, if a user has a large number of VMs, it may be
difficult to track the state of all VMs in the Shamon when the user may or may not be constantly
monitoring the Shamon (a user on a laptop, for example, is likely to not always be able to receive
real time updates).

While these problems may be solvable in a distributed manner, introducing a centralized
Coalition Authority (or CA) provides a great number of features with vastly reduced complexity
as opposed to a fully distributed design. For instance, if each user must be aware of each sCore,
and each VM must be able to make an authentication and authorization decision about each user
in the universe, complexity must increase exponentially. Including a centralized authority for a
coalition is a design decision we make in order to enable the management of virtual machines in

a coalition in a relatively simple way. Additionally, introducing the CA allows a coalition to be
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managed by one entity, even when many users may have VMs in a coalition. Instead of each user
managing their VMs, the CA manages the VMs in a coalition that many users belong to (and
users may belong to many coalitions).

The CA is responsible for administration and protection of virtual machines in a coalition
on behalf of their users. It must provide authorization and authentication appropriately, so that
a user may not access another user’s virtual machine if it is not permitted. In short, the CA must
enforce the user’s security requirements on the user’s behalf. A user’s VM must not leak (either
the disk image of the VM or data from the VM when it is executing) except in accordance with
security goals associated with the VM. Additionally, a user’s credentials must be not be leaked
by the CA, as this could lead to unauthorized access by another party.

Many of these requirements exist to enable multi-party trusted communication as a part of
a coalition. The Shamon enables coalitions capable of establishing multi-party, distributed trust.
Consequently, a user must be able to include his virtual machines in a coalition, and ensure that
coalition goals are enforced over all members. For instance, if a goal of the coalition is that no
top-secret data be allowed outside the coalition, then the user must have some way of knowing
that all members of the coalition are actually subject to this requirement. Otherwise, the value
of a coalition is severely limited, to the point of obsolescence.

The CA represents a general design decision for the TVMI - we choose to delegate a user’s
requirements to a centralized entity in order to obtain easier management, easier coalition forma-
tion, and the ability to continually ensure that security goals are being met. In the same vein, we
introduce a centralized point of delegation for the owners of physical systems: the Machine Au-
thority, or MA. The idea behind the MA is that the owners of machines in a single administrative
domain would delegate resource allocation decisions to the MA. Without the MA, coalitions or
users would have to know about the constantly changing landscape of physical machines in order
to allocate resources for running VMs. Moreover, authorization and authentication for every

coalition would have to be managed at every physical machine in some fashion. This situation
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is undesirable, so the MA is introduced as a proxy to an administrative domain of resources. In
this way, each administrative domain has a single policy decision point for

The MA provides a central point of contact for CA’s wishing to use pools of resources
without needing to be able to locate each and every sCore. Therefore, the MA handles autho-
rization and authentication of coalitions, for the purpose of managing resources for coalitions.
Additionally, the MA can optionally operate as a trusted keyserver for each sCore’s public en-
dorsement key (EK). This allows an MA to be trusted to describe and proscribe resources for
the CA, while allowing the CA to verify that the physical machine meets its requirement. This
will be discussed in greater detail in section 4.4.

The inclusion of the MA is particularly important, as the goals of users may conflict
directly with the goals of sCore administrators. Users generally wish to use all available resources,
whereas people who own machines may wish to reserve portions of computing power for personal
use. Since users "own” data and computing jobs, whereas MA’s ”own” machines, by introducing
these entities into the system, we capture the sometimes fundamental conflict between resource
providers and resource consumers. Our design must accommodate these competing goals.

Additionally, the concept of an MA allows much better scalability for our system. We
envision that owners of domains of machines will rely on a small set of MAs to manage these
resources in the Shamon architecture. The CAs can then manage a much smaller number of
resource pools (MAs), instead of attempting to maintain a directory of all possible sCore, their
current utilization, and their public keys.

To summarize, we briefly summarize the requirements of each entity in the full TVMI,

which were derived from the basic requirements discussed at the beginning of this section:

e User: must have username/password remain secret (except to CA), user’s VM must not

leak except according to user-defined policy
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e CA: must not leak user VM except according to user-defined policy to attested sCore, must

keep the credentials it uses for authorization to the MA secret

e MA: resources on sCore are only given with the MA’s approval

e sCore: must be able to determine if a job is approved by the MA

4.3.2 Completeness

It may not be immediately clear why these are the full and complete set of requirements
for the entities in the TVMI. Given that we will demonstrate that these requirements are met
by the TVMI, it is important that the properties that we are proving are sufficient to ensure the
correct operation of our protocols. Fortunately, each entity has a narrowly defined set of interests.
By demonstrating that these interests line up with the requirements above, we informally suggest

that this list of requirements is sufficient.

e The user, ultimately, cares about his data. Since his data resides solely in his VMs in
this system, we must simply ensure that his data cannot leak except with his permission.
We deal with run-time leakage of data in Chapter 3, so the TVMI must ensure that VMs
cannot run on systems that do not meet user defined policy. Additionally, the user wants

to ensure that only he can make requests, so his password must stay secret.

e The CA simply acts as an agent for the user, so his requirements are similar. The CA must
make sure that VMs do not leak (except as requested). Although the CAs are managing
multiple users, the goals for each individual VM is the same - do not leak to an improper

platform (sCore).

e The MA only wants to ensure that all requests that are sent to the sCore are first considered
and approved by the MA. If this happens, the MA is controlling which jobs actually run

on the sCore, and is thus controlling the usage of his physical machines. Much as the user
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protocol

only has VMs, the MA only has machines to control, so if the MA is controlling the only

resource it has, it is clear that this is the only requirement the MA needs.

e The sCore is in an interesting position, because it is a resource itself. However, to ensure

correct operation of the TVMI, the sCore should obey the commands of the MA (and only

the MA). This means the same requirement is in effect as for the MA - the sCore should

only serve jobs that the MA has approved.

4.4 Design

In this section, we describe the design of the TVMI, which fulfills the requirements laid

out in section 4.3 and includes the entities which are introduced and discussed in the preceding

section (user, MA, CA, sCore). As an example of the TVMI’s operation, we consider the case

where a user U wants to start a virtual machine VM, ... on a remote sCore S, designated in

figure 4.3 as ”sCore.” In the following illustrations, we use the naming conventions established

in figure 4.2
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Before the protocol begins, each sCore must establish a shared symmetric key with its
MA. This key will be used to later prove that a given request came from the MA. In order to
do this, the sCore and the MA participate in a standard authenticated Tiffie-Hellman exchange,
using MA ;4 and S, 1 as public keys. After doing so, the symmetric key Kycoope nr4 18
agreed upon.
Additionally, we introduce the operation of requesting an attestation, REQU EST(A, B).
This designates the process of A requesting and verifying an attestation from B. This operation
occurs a few times in the description of the protocol, so it is abbreviated here for simplicity. Addi-
tionally, an attestation of B’s system state may be cached on A, in which case REQUEST(A, B)
could return immediately, if A is willing to accept a slightly out-of-date attestation in its cache.
The following is a description of what happens in the REQU EST (A, B) exchange, exactly.
1) A— B: Ry, Nq
2) B—A: A(Nl)BAIK+
Now, we present the details of the TVMI protocol in terms of REQUEST (A, B), and

assuming the authenticated Diffie-Hellman exchange to create K S.MA has already taken place.
1) REQUEST(U,CA)
2) U—CA: R AUyser Puser}CA-l-
cert
3) REQUEST(CA,MA)
4) C’AHMA:{U,P,R}MAAIK
5) MA— CA:{HMAC(K,Core, M A» R, counter), R, counter, (sCoreAIK)}MAAIK

e REQUEST(CA,S)

6) CA— S: HMAC(KsCore,MAa R, counter), R, counter
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The user U first sends a request for attestation to the CA. The CA then forms an attesta-
tion of itself and its sCore, and returns the result to U. U then passes a username and password

over SSL to the CA, along with the request to start VM VM, ., in the send_request message

ser
(see figure 4.3 for message names). This implies that a PKI is in place which allows U to know
the CA’s public SSL key.

After this exchange, U has attested to the software stack on the CA (and its underlying
sCore, to ensure that no ”bare-metal” tampering is occurring). As a consequence, U has verified
that the CA will not release V M, ., to an sCore that will not enforce the CA’s coalition policies.
This follows from the fact that U can check the enforcement infrastructure available in the CA,
and can see what types of policy decisions it will make by inspecting its software to ensure that
the CA is running the trustworthy versions of the relevant programs. The user also knows that
the CA is not running software that will leak his username and password, so it is safe for U to
send this information. In short, U now trusts the CA to perform actions on U’s behalf, since U
has verified that the CA’s software is capable of enforcing its security goals.

The CA is presented with a user’s credentials, and by the assumptions we make in this
system, treats the resource request as coming from user U. At this point, the CA must begin
to negotiate the usage of sCore resources on U’s behalf via an MA. The CA issues a request
for attestation to the MA, and the MA replies with an attestation of both itself and its sCore
(REQUEST(CA,MA)). The CA then sends credentials to the MA in the send CA request(we
use a coalition name and password, but nearly any authentication scheme could be used). The MA
then replies with a token in the send token message, which certifies that the MA has approved
the resource request. Additionally, the MA includes the public portion of S’s Attestation Integrity
Key, or AIK.

The attestation of the MA lets the CA believe that it can release its credentials to the
MA safely, since the MA’s software has been verified protect this information. The attestation

exchange also lets the CA believe that the AIK it receives is, in actuality, the public key of S’s
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ATK. Without this assurance, an malicious MA colluding with a malicious sCore could return an
invalid ATIK. When the CA goes to verify the sCore’s attestation, anything could be returned,
signed under the invalid AIK, and it would appear valid. Additionally, the CA is also able to
believe that the MA will not poorly or unfairly schedule its virtual machine, since the MA’s
scheduling code has been verified by the CA.

Finally, as discussed below, the token returned to the CA in the send token message will
allow the CA to prove to S that it has received authorization from the MA for the operation it
wishes to perform (starting V.M, 4,.)-

The token returned to the CA must provide a number of guarantees, both to the CA and
S. S must be able to ensure that this is not a replay or duplicate, and is intended for .S, not some
other sCore S’. S must also be able to prove that the token actually came from the MA. Finally,
the token must only authorize the operation requested by U (starting VM, 4,.), so as not to allow
the CA carte-blanche access to S. In order to do this, when an sCore first starts, it contacts its
MA, and constructs a shared key S via an authenticated Diffie-Hellman exchange. This shared
key is used to HMAC the token, which looks as follows: HMAC(Sy, {request}PAIK,seed),
where AIK is S’s AIK. In this way, when the token is presented later, S knows exactly which
request was authorized by the MA. S also knows that this is not a replay, since the seed value
cannot be changed, except by the MA (and S keeps track of which seed values it has seen).
Finally, S knows the token was intended for him, since the request is encrypted with his public
key.

All that remains is for the CA to verify the integrity of S. This job falls to the CA and
not the MA because it is the CA’s duty to protect U’s data. The MA is only concerned with
restricting access to physical resources (sCore). Therefore, before sending the token in the send
CA request to sCore message, the CA performs a standard attestation of the sCore. As
discussed above, S knows that the request was approved by the MA, since the token is checked.

The CA checks the attestation it receives from S to ensure that S enforces the desired coalition
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policies. The request then is transmitted to S, which always serves the request if the token can
be validated.

Note that this design assumes a limited public key infrastructure. If a user wants to use
the TVMI, he must trust the CA’s public SSL key, in order to secure his login credentials. The
rest of the public key infrastructure is tied into distribution of public AIK’s for sCore. In some
way, the MA must obtain the public keys for sCore it manages, and the CA must obtain public
ATKs for the MAs it wishes to use. We will discuss current and potential implementations of

these schemes in section 5.4.
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Chapter 5

Validation of the TVMI

5.1 Introduction

In Chapter 4, we introduce the TVMI in order to provide secure virtual machine man-
agement for users and owners of physical machines. However, little to no discussion was devoted
to whether or not we had met these goals. Given that the TVMI is so complex (more than 11
messages required for some requests), some discussion of whether or not this protocol satisfies
the requirements laid out in section 4.3 is required.

In section 5.3.2, we use formal protocol analysis tools to evaluate the security claims we
have made for the TVMI in chapter 4. Given that few solutions exist for trusted virtual machine
management, it is important to formally validate our solution. Otherwise, it would be difficult
to understand the security provides since it is not built on or derived from an existing validated
work.

Additionally, we wish to provide a brief description of our TVMI implementation. The
actual implementation of the TVMI required a number of design decisions, and we include a
brief discussion of some alternative designs, including their strengths and weaknesses, in sec-
tion 5.4. Finally, we perform some common operations within the TVMI in order to evaluate its

performance and operation in section 5.5.

5.2 Trust in the TVMI

In in interest of clarity, we briefly summarize the trust model and key distribution problems

implicit in the protocol description in section 4.4.
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e User: For U to interact with the CA, U must have a public SSL key for the CA, signed by
some Certificate Authority that U trusts. Although this requirement is slightly burdensome
(a PKI adds complexity to the implementation), this is not altogether unusual for similar
services. For instance, VMware’s VirtualCenter product uses the same scheme, as does
Citrix [51]. In reality, this is one of the simplest and best-understood ways for untrusted

clients to interact with a trusted server when keys are not known ahead of time.

e CA: After the user submits a request to the CA, the CA must know the public portion of
each MA’s AIK. Otherwise, the CA is unable to verify that the MA is behaving appropri-
ately. If the MA is misbehaving, the MA can DoS the CA by providing sCore information
that is invalid, and will result in a failed job submission each time. More importantly, the
MA could knowingly return an invalid AITK T for the sCore which will fulfill the final re-
quest. This would allow an attacker to impersonate an sCore by returning an valid sCore’s

attestation (verified in Proverif). Consequently, the CA must be able to attest to the MA.

Note that we could do away with the CA’s attestation of the MA if we were willing to accept
a few weaknesses. First, the public AIKs would have to be signed by a trusted third party.
The current state of TPM attestation does not point to this being a reasonable assumption,
but it is conceivable that sufficient organization could emerge that makes this practical.
We would also have to accept that a malicious MA could schedule V M, ., poorly, but this
would not compromise security, as we will see later. It would, however, mean that a VM

could be scheduled on a busy sCore and starved.

e MA: The MA only trusts that it has the public AIKs for each sCore that it manages.
In general, the distribution of AIKs between sCore and their managing MA should occur
infrequently enough in most instances (only when a new machine is added to the trusted
set) that this may occur out of band, which is what we assume in our implementation.

In general, however, a TPM PKI such as the one found in Trousers [1] is a better, more
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general solution. The downside (and why is was not used here) is that it is not actually

used in practice. Without a number of people using this solution, it loses much of its value.

e sCore: The sCore needs the public AIK for the MA it is registered with. As described
earlier, a custom install image, or an automatic download of AIKs from a set location or

external media also can solve this problem, at the cost of some risk.

Clearly, little trust is assumed in this system, but key distribution is something that must
be considered carefully. If standard PKI practices are used for the CA, the main burden of key
distribution will be adding new keys to the MA when sCore enter its domain of control. Since
few MAs will become/cease to become available to a given CA, the distribution of AIKs in this

scenario is minimal.

5.3 Validation

5.3.1 Informal demonstration of correctness

In this section, we wish to informally establish that two of our security goals, confidentiality
of user credentials and CA credentials, are accomplished. This discussion is intended to give an
intuition as to why the TVMI protocol is secure. A formal discussion of the TVMI in section 5.3.2
will demonstrate that it is secure.

The user’s and CA’s credentials are only sent over the network encrypted with the CA
public certificate and the MA’s AIK, respectively. These private keys are only owned by the CA
and MA, respectively, so they are protected from eavesdroppers. Past this, the user can use the
attestation it receives to verify that the CA’s code will not leak these credentials. The CA can
use its attestation of the MA to similarly verify that the MA will not inappropriately leak these
credentials unless it is compromised.

We now investigate the requirement that the CA not leak a user’s VM except by user-

defined policy. Since the CA attests to the sCore, the CA can verify that the sCore conforms to
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the user defined policy. However, in our implementation, the CA trusts that attesting to the MA
ensures that the sCore’s AIK (used by the CA to verify the sCore’s attestation) corresponds to
the sCore. Finally, if a VM is actually to be sent across the network, the CA and sCore use their
public/private keypairs to establish a private key to be used in encrypting the VM to be sent.
Consequently, if the CA is able to verify the environment in which the VM will run (attestation
from the sCore), and the VM is encrypted as it travels across the network, then the VM data
does not leak except to environments by user-defined policy.

Consequently, the user’s goal of only leaking VM data via a user-defined policy is accom-
plished. Since the user verifies the CA’s code, it knows that the CA will behave as outlined above.
Since we’ve shown that the CA, in its proper behavior, will not leak VM data inappropriately,
and we’ve shown that the CA is behaving properly, the user knows that his VM will not be leaked
inappropriately.

Finally, we must show that the MA provides complete mediation for the execution of
resource requests. This involves showing that an sCore will only execute an incoming resource
request if it has been approved by the MA, and only once (no playbacks of requests should be
allowed). This is equivalent to showing that the HMACed token given to the sCore by the CA in
step 10 cannot have been forged, is not a playback, and is destined for the appropriate sCore. If
the token has not been forged, then it is from the MA. Assuming this, since the token contains
the request to be executed, and it is from the MA, then the MA has approved the request in the
token (somewhat obviously, an uncompromised MA is defined not to create tokens with resource
requests that are NOT approved). Thus we must only show that the token cannot be created by
anyone other than the MA, it cannot be replayed, and it is meant for the sCore that receives it.

The only time the key shared between the sCore and MA is sent over the network, it is
encrypted with the MA’s AIK, which we assume only the MA has access to. By this assumption,
only the sCore and the MA have K e pra4- Then only the MA or the sCore could have created

the HMACed token, since only the MA and sCore have this key. The sCore would not create this
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message if it were not compromised (as it falls outside the protocol specification). Compromised
sCore fall outside the goals we define in section 4.3. Therefore, the token was generated by the
MA. Since the sCore name (we use IP addresses in our implementation) is signed by the MA’s
ATK, we know that the token is destined for a specific sCore. Finally, since the MA increments
the counter included in the message each time a request is sent to an sCore, we know that this
token is not a replay. This requires the counter not to ”loop back” on itself.

The sCore is just a physical resource of the MA, so it is somewhat disingenuous to say
that the sCore trusts the MA (it is akin to saying that a computer terminal trusts its user), but
in this scenario, the sCore does whatever the MA tells it to do. In other words, the MA has
complete control over what VMs are executed on a given sCore. We will discuss other alternative

trust models in section 5.4.

5.3.2 Formal demonstration of correctness

Following the description of the TVMI in section 4.4, we discuss the correctness of this
approach. Clearly, other protocol designs are possible, and some of these alternate design deci-
sions will be discussed in section 5.4. We wish to show that the design of the TVMI does not
include superfluous messages while accomplishing all of the goals laid out in section 4.3. In other
words, we must show that the TVMI protocol design is both entirely necessary and sufficient to
accomplish our goals.

In order to do this, we use a formal verification tool, Proverif [13], to help determine the
correctness of our protocol. By doing so, we demonstrate in this section that the TVMI protocol
fulfills the security goals we need. In section 5.5, we demonstrate that the TVMI actually performs
the required actions. These two proofs together demonstrate the sufficiency of our approach. We

will briefly discuss necessity in section 4.4, but no formal proof is offered.
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5.3.2.1 Introduction to Proverif

Our approach utilizes a tool named Proverif, which attempts to determine satisfiability of
certain properties in security protocols. In general, we generate a model of the TVMI in Proverif,
which we then query for security properties that we specify (as enumerated in section 4.3).
However, the exact operation of Proverif bears discussion, as it effects the results of our validation.

In general, Proverif is a tool which turns a model (whose format is discussed shortly)
into a series of Horn clauses (a disjunction of literals with at most one positive literal). Then,
Proverif applies the rules defined in the model in an attempt to derive as many facts as possible.
This derivation process is not discussed in detail here; the basics can be found in the original
paper on Maude, a loosely related system [28]. Proverif adds some important functionality
to the approach taken in Maude. Firstly, Proverif understands the idea of a nonce in a much
more useful way. If two pairs of parties in a Proverif model send each other nonces, Proverif
understands the idea of a nonce and will use two different values for the nonces that are sent.
This becomes particularly important when interleaving protocols, as using the same nonce for
both pairs may result in some attacks being found that are not vulnerabilities in practice.

Additionally, Proverif is capable of finding more attacks than previous attempts at auto-
matic protocol verification. Perhaps most importantly, Proverif attempts to execute an arbitrary
number of each process (loosely coupled with entities in protocols) defined in the system. For
instance, if a protocol involves Alice and Bob, Proverif does not simply interpose Eve between
Alice and Bob, but rather may have 127 instances of the Alice process, 46 instances of the Bob
process, and Eve may intercept and use data from all of them. A corollary to this is that each
step in each process may be executed more than once, instead of a single time. For instance, if a
message is encrypted by a process, Proverif may attempt to encrypt the message multiple times
to achieve some desired derivation. These are very important points in practice, as Proverif is

able to detect much larger classes of attacks than previous tools.
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In practice, Proverif accepts models that use the process calculus [59]. While a lengthy
discussion of this calculus model is outside the scope of this thesis, the general idea is to model
a system in terms of simultaneously executing entities called processes. These processes employ
message passing over predefined channels in order to communicate. In practice, this message
passing ends up being the focus of automatic protocol verification, as the channel abstraction
provides a convenient way for the attacker to interact with the model. If the attacker can place
or receive arbitrary messages on a defined channel, he has something approaching the high end
of attack capabilities in most remote attack scenarios.

The process calculus helps to define the constraints of the model, the expected and allowed
operations/reductions, and the channels which pass messages. However, Proverif also requires a
language to specify the processes themselves. Since Proverif is, at its heart, a Horn clause solver
(tied closely to the same functionality in Prolog [26]), it is only natural that writing processes
in terms of Horn clauses would be an option. However, Proverif also includes a newer, more
flexible language, called the Pi calculus. The Pi calculus, which we will describe in more detail
in the next section, allows us to specify how a process operates. In particular, it allows a more
straightforward specification (more closely tied to the protocol description itself) than does the
Horn clause representation. This means that Proverif must translate the Pi calculus to Horn
clauses [14]. In this way, the Pi calculus acts as a simpler ”frontend” to the Horn clauses that
are fed into prolog to do the final reachability queries.

Proverif queries the derivations that are performed on these Horn clauses to determine if
a set of goals can be met. The "goals” in Proverif are most often related to security properties.
For instance, a goal may be that an attacker can obtain a secret s. In proverif, the line ”query
attacker:s” would designate that as the derivations are being performed, if there is a way an
attacker could obtain s, print out the sequence of derivations that leads to this knowledge. In
this way, Proverif not only determines if a given property can be satisfied, but it also details how

it is satisfied. More details will be given in section 5.3.2.2.
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In order to do this, Proverif attempts to apply all the reduction rules available to it to
the messages an attacker can receive. For instance, the following code defines the encryption and

decryption functions for shared key cryptography.

(* Shared key cryptography *)
fun enc/2.
reduc dec(enc(x,y),y) = x.

Thus when an attacker sees a token, Proverif attempts to apply the decryption rule, which
will succeed if the key, y, is known along with the encrypted token. Proverif attempts to apply as
many reduction rules as possible in order to achieve the maximal possible information an attacker
can know. More details on this specific operation are given in the original Proverif work [13],
but the reader should have an intuitive understanding that Proverif applies reductions in order
to determine how much information an attacker can have.

Proverif is not without its limitations, however. It will never return a false positive (if
a positive is that a query cannot be satisfied), but it can return either false negatives, that an
attack is possible but cannot be enumerated, or nothing (non-termination). For instance, in the
example above, if Proverif says that ”query attacker:s” cannot be satisfied, then we know that
it cannot. However, the program may not terminate, or it may return that an attack exists but
cannot be detailed. In this case, the attack may or may not exist, but Proverif cannot determine
this. This is actually a very different problem than the classical Halting Problem, however - it
comes more from how the satisfiability algorithm runs, as at its heart, this is a problem with

satisfiability with reasonable performance, not halting.

5.3.2.2 Verification Results

During the verification process, we discovered some unresolved issues in the Proverif im-
plementation of the protocol. For instance, the user’s request was incorrectly transmitted in the

clear from the CA to the MA in the proverif implementation. As a result, an attacker was able
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to substitute a malicious request for the request from the user that was verified by the CA. In
this way, an attacker was able to submit any job request he wanted (including adding, deleting,
or modifying coalitions), after the policy decision point for these operations in the CA.

Proverif found this (and many more attacks) during the creation of the Pi-calculus Shamon
model while the model and the types of authentication and secrecy checks to be performed were
being debugged. As an additional example, consider the case where the initial exchange between
the sCore and the MA is just a standard public key encryption, instead of a Diffie-Hellman
exchange. In this case, an attack can replay the registration message to the MA, and change the
shared key, which results in a DoS against the sCore (it can no longer decrypt messages form
the MA describing user requests). In fact, Proverif makes a distinction between these types of
attacks, by designating an ”active” and ”passive” attacker model. In our situation, we modeled
the TVMI under an active attacker, as our final goal for the system is to provide trusted virtual
machine management even in a situation where the attacker has physical (but not circuit-level)
access to any and all machines (excepting DoS attacks, since an attacker can always unplug
machines).

The exact Proverif traces are too long to reproduce here in full, but we reproduce relevant

sections here to demonstrate what Proverif proves, exactly.

Rule 52: attacker:nonce_from_ca_242 & attacker:sign(g(y-243),skma[]) &
attacker:pk(skma[]) —> attacker:att(sign(nonce_from_ca_242 ,skscore]]))
Rule 53: attacker:(enc(x-252,f(y-253,g(n0[pk(skmal]),hsid_-254]))),
penc(x-255 ,pk(skscore[]))) & attacker:nonce_from_ca_256 & attacker: sign
(g(y-253),skma[]) & attacker:pk(skma[]) —> end:received_vm (pk(skscore[]))
Completing ...
nounif attacker:sign(m_335,skmal[])/—5000
nounif attacker:sign(m_339,k_340)/—5000
Starting query ev:received_vm (pkstub_83) —>

ev:attestedByCA (pkstub_83)

The beginning of this trace is an example of some of the derivations Proverif performs
using the reductions specified in the protocol description. This is not particularly noteworthy,

other than to demonstrate how much information an attacker can put together in a protocol this
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complicated. Proverif then queries the attacker’s information for a specific security property.
In this case, we check to see if the following property holds: if an entity receives a VM, then
it has been attested by the CA. Proverif has been able to determine that this property holds,
because an event (received_vm) is raised when a VM is received in the protocol, and another
event (attestedByCA) is raised when a CA attests to an sCore. In this snippet, Proverif has
determined that if the received_vm event is raised, the attestedByCA event must have also been

raised.

Rule 53: attacker:(enc(x-836,f(y-837,g(n0[pk(skmal[]),sid-838]))),
scorevmenc_839) & attacker:nonce_from_ca_840 &
attacker:sign(g(y-837), skma[]) & attacker:pk(skma[]) —>
end : endRequestReceivedByMA (x_836)

Completing . ..

nounif attacker:sign(m_-912, skmal[])/—5000

nounif attacker:sign(m_916,k_917)/—5000

Starting query ev:endRequestReceivedByMA (rstubma_669) =—>
ev:beginRequestReceivedByMA (rstubma_669)

RESULT ev:endRequestReceivedByMA (rstubma_669) —>

ev:beginRequestReceivedByMA (rstubma_669) is true.

In this example, Proverif has determined that if a request is fulfilled, the request was
received by the MA. An important property of Proverif to note here is that events take arguments.
In the snippet above, Proverif is checking not only that if if the "beginRequestReceivedByMA”
was raised, the ”endRequestReceivedByMA” was raised, but also that the actual request raised
is the same in both instances. This prevents an attacker from modifying a request that was

legitimately approved by the MA.

Rule 52: attacker:nonce_from_ca_1385 & attacker:sign(g(y-1386),skmal])
& attacker:pk(skma[]) —> attacker:att(sign(nonce_from_ca_1385,
skscore []))

Rule 53: attacker:(enc(x-1393,f(y-1394,g(n0[pk(skmal]),sid_-1395]))),
scorevmenc_1396) & attacker:nonce_from_ca_1397 & attacker:
sign(g(y-1394) ,skma[]) & attacker:pk(skma[]) —>
end: endRequest (x-1393)

Completing . ..

nounif attacker:sign(m_1469,skmal[])/ —5000

nounif attacker:sign(m_1473,k_1474)/—5000

Starting query ev:endRequest(rstub_-1226) ==> ev:beginRequest(rstub_-1226)

RESULT ev:endRequest(rstub_1226) =

ev:beginRequest (rstub_1226) is true.
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These events correspond to the user submitting a request and an sCore serving the request.

The endRequest event is raised in the Proverif Shamon model whenever a request is served by

an sCore. The beginRequest event is served whenever a user makes a request. Together, this

derivation shows that if an sCore serves a request, it can only be in response to a user making

the same request. As above, this shows us both than an attacker cannot modify a request,
and also that an attacker cannot submit an improper request on a user’s behalf.

Finally, we wish to show that certain secrecy requirements hold:

Starting query not attacker:usernamel[]
RESULT not attacker:username[] is true.
Starting query not attacker:password[]
RESULT not attacker:password[] is true.
Starting query not attacker:vm[]

RESULT not attacker:vm[] is true.

After performing as much derivation as possible, Proverif does a straightforward Prolog
query of the information that has been derived for the attacker. In the case of our secrecy
requirements, this returns a straight yes/no answer. In the above snippet, we see that an attacker
is unable to determine the username or password of the user, as well as the contents of the VM.

In order to demonstrate that Proverif finds attacks, we comment out the portion of the
model in which the sCore checks that the public key used in the original Diffie-Hellman exchange

belongs to the MA. This was an actual attack we encountered in the creation of the model.

goal reachable: attacker:rstub_2601 -> end:endRequest(rstub_2601)
rule 50 end:endRequest(rstub_2625)
2-tuple attacker: (enc(rstub_2625,f (n0[pk(k_2620),sid_2621],g(x_2613))),
scorevmenc_2623)
rule 14 attacker:enc(rstub_2625,f (n0[pk(k_2620),sid_2621],g(x_2613)))
hypothesis attacker:rstub_2625
rule 3 attacker:f (n0O[pk(k_2620),sid_2621],g(x_2613))
any attacker:x_2613
rule 1 attacker:g(n0[pk(k_2620),sid_2621])
0-th attacker:sign(g(nO[pk(k_2620),sid_2621]),skscorel[])
rule 47 attacker: (sign(g(nO[pk(k_2620),sid_2621]) ,skscore[]),
pk(skscore[]))
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duplicate attacker:pk(k_2620)
any attacker:scorevmenc_2623
any attacker:nonce_from_ca_2624
rule 7 attacker:sign(g(x_2613),k_2620)
rule 4 attacker:g(x_2613)
any attacker:x_2613
any attacker:k_2620
rule 11 attacker:pk(k_2620)
any attacker:k_2620

Goal of the attack :
end:endRequest(a_21[])

out(ca_to_user, pk(skscore_28))

out(ca_to_user, pk(skma_29))

out(ca_to_user, pk(skca_30))

out(ca_to_user, host(pk(skscore_28)))
out(ca_to_user, host(pk(skma_29)))

out (ca_to_user, host(pk(skca_30)))

in(ma_to_score, pk(a_22))

out (ma_to_score, (sign(g(n0_27),skscore_28),pk(skscore_28)))
out (ma_to_score, pk(a_22))

in(ca_to_score, a_26)

out(ca_to_score, att(sign(a_26,skscore_28)))
in(ca_to_score, (enc(a_21,f(n0_27,g(a_24))),a_25))

event (endRequest(a_21))
An attack has been found.

RESULT ev:endRequest(rstub_1989) ==> ev:beginRequest (rstub_1989)
is false.

Here, Proverif gives a listing of the rules used to derive the information an attacker needs.
It also gives the sequence of messages an attacker sees and sends (the lines beginning with in/out),
as well as a description of what security property was violated. In this case, an attacker was able
to trigger the endRequest event without the beginRequest event being generated as well. In
the Shamon system, this corresponds to an attacker being able to submit a request on the user’s
behalf, and having it executed by an sCore.

The examples presented here conform closely to the requirements in 4.3.1. The examples
above demonstrate that the user’s username/password remain secret (except to the CA), the

user’s VM does not leak except by the user’s request. As for the CA, we showed that a request
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and VM were only given to an attested sCore, and the CA’s credentials (for use on the MA)
were kept secret. Finally, we showed that only requests seen first by the MA were run on sCore.
This encompasses the requirements presented in section 4.3.1, so we have proven the properties

we are concerned with.

5.3.3 Summary

Our Proverif model proved (by queries of maximal derivable information) that the follow-

ing properties hold:

The user’s password is never leaked

The request fulfilled by the sCore is the request that the user made

Each request that an sCore fulfills is verified by the MA

No VM is leaked to an attacker

Each sCore that runs a VM is attested by the CA

In this way, we demonstrate that information flow properties are preserved, all requests are
verified in order to give control to the owners of the physical machines, and basic authentication
properties are preserved. Currently, there is no established way to verify that these are the
”correct” set of properties for us to care about. However, these properties broadly cover the only
resources of interest in the TVMI (VMs and physical machines), which strongly suggests that

this set of requirements is a superset of the necessary requirements.

5.4 Implementation

Our implementation of the TVMI helps demonstrate the practicality of this approach and
brings to light issues with standard practices in trusted computing today. We demonstrate that

the protocol specification outlined in section 4.4, which was necessitated by the goals lined out in
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section 4.3, is both practical and possible. Additionally, we discuss many of the design decisions
we encountered in the implementation of the TVMI, in order to give a better understanding of
the tradeoffs made in the current description of this system.

Our first major design decision is in whether or not the TVMI should be a closed system.
In other words, what types of users will be allowed to make requests to the TVMI through the
CA? We could have required U to be running on or in an sCore, and thus performed mutual
attestation when submitting a request to the CA. This would have ensured that a compromised
system could not make malicious requests with cached or leaked user credentials. We felt that
this was too restrictive, however. We felt that it was more important that users be able to interact
with the TVMI using existing hardware and standard operating systems. The current scheme
allows this, at the price of trusting that user credentials have not fallen to the wrong hands. This
also closely mimics how most grid systems work today, which allows us to apply much of the
existing research in securing untrusted job submission agents to this step of the TVMI [18].

The agent participating in the protocol on each physical sCore is the trust daemon, as
described in Chapter 3. In Chapter 3 this daemon was responsible only for marshalling and
verifying attestations. With the addition of this work, this trust daemon also becomes responsible
for participating in this application level protocol. Since virtualization controls currently occur
at the application level instead of in the kernel (or inside the network protocol stack for things
like migration), running this protocol at the application level inside the trust daemon maintains
consistency with current approaches. For instance, the xend daemon, which processes remote
requests for virtualization-related operations, operates at the application level for commands like
suspend, resume, and migrate. Since we are performing similar operations, it makes sense to
leave this protocol implementation at the application layer in order to keep up with the rapidly
changing [91] virtualization management space. In the future, however, much of this could
be moved inside the kernel [52], especially as it relates to an authorization and authentication

protocol like the one proposed in section 4.4.
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This trust daemon is firstly responsible for managing attestations. This includes keeping
track of which systems are attested, verifying attestations, expiring attestations, and marshalling
attestations. Currently, the trust daemon interfaces with the Integrity Measurement Architecture
(IMA) via sysfs, but as these services move into the kernel, this becomes unnecessary.

More specifically, the trust daemon creates an XML document as an attestation in response
to an attestation request, as suggested by IBM for Direct Anonymous Attestation [47]. This
allows the attestation to be flexibly extended as more information needs to be included. It also
establishes a strict, human-readable form that can be easily parsed for verification. An example

attestation is shown here:

<ATTESTATION>
<RESULT>0K</RESULT>
<NONCE>123456</NONCE>
<MEASUREMENTLIST>
<MEASUREMENT>
<NUM>1</NUM>
<SHA1>9797edf8d0eed36b1cf92547816051c8afd4edbee</SHAL>
<STATUS>clean</STATUS>
<NAME>boot_aggregate</NAME>
</MEASUREMENT>
<MEASUREMENT>
<NUM>2</NUM>
<SHA1>adf9d684f2e94acdfc3870195fac85686e37d64b</SHAL>
<STATUS>clean</STATUS>
<NAME>/bin/sh</NAME>
</MEASUREMENT>
<MEASUREMENT>

</MEASUREMENTLIST>
<QUOTE><
<NONCE>40E2010000000000000000000000000000000000</NONCE>
<COMPOSITE>00020004000000144B1F253495010968C1FE15439EAFBD02C021CEQF<COMPOSITE>
<SIGNATURE>7556B8BBD3A366F2998B3C583730DCDAB26939
D2175C38D814A04659E306962446022573DC2094C4C

29A85ACC17D2A8D7B96C04C
</SIGNATURE>
<VERSION>01010000</VERSION>
<FIXED>51554f54</FIXED>
</QUOTE>
</ATTESTATION>
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The first portions of the attestation are simple to understand. MEASUREMENTLIST
denotes an ordered list of which programs were run on the system returning the attestation.
This includes the order they were run (NUM), the name of the program (NAME), and the SHA1
hash of the binary. This information is all obtained via sysfs from IMA. The QUOTE portion
comes directly from the TPM itself. This includes the nonce (provided by the requesting party,
to ensure freshness of the attestation), as well as TPM version and other bookkeeping. The
important portion is the state of all platform configuration registers (PCRs), which encompass
the state of the TPM itself. The verifying party can then attempt to reconstruct the hashes
in the PCRs from the hashes provided in the measurement list. This works because when the
system reboots, the TPM is zeroed. Then, every time a program is loaded into memory, IMA

extends a PCR with the hash of the binary that is loaded. Extending works as follows:

PCR := SHA1(PCR+MEASUREMENT)

Therefore, a verifying party with knowledge of each hash that a PCR was extended with
(in our case, this is the MEASUREMENTLIST), can reconstruct the expected state of the PCR.
By comparing with the actual state reported in the QUOTE, we can determine if the state
reported by the TPM corresponds to the list of programs that was purportedly executed. If they
do not match, the verifying party knows that the reporting is faulty, and rejects the attestation.

There are a few assumptions built into this model. First, a given PCR cannot be arbitrarily
changed. Otherwise, a malicious party could simply set a PCR to correspond to a well-known
sequence of acceptable execution, report that sequence of execution to a remote party, and thus
represent a system state that does not correspond to reality. Fortunately, the TPM prohibits
changing a PCR to a given value. If an attacker could extend a PCR to get a certain value, then
he could manipulate the TPM PCRs into a useful state. However, since SHA1 is not currently

though to be reversible, an attacker cannot determine what values were used to extend the TPM
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given just the SHA1 value. Finally, as described in 3, IMA not be subverted by a lower layer of
software. To avert this, we measure all ”lower” layers in the software stack, to ensure that they
are behaving properly.

One of the biggest difficulties in the implementation of the TVMI is ensuring that the
CA and MA can generate these attestations for themselves (since they run in virtual machines).
Traditionally, virtual machines do not have access to a trusted computing device such as a
TPM [39] to generate these attestations. Without a device like this, an IMA-like approach
cannot be applied to virtual machine attestation. Fortunately, a virtual TPM, or vIPM is
available as part of the Xen codebase [10]. This can be accessed just like a TPM, from the point
of view of the virtual machine.

However, our implementation requires the CA and MA to attest both to themselves and
their underlying platform (the sCore). Somehow, these need to be linked. The vIPM im-
plementation from IBM does just that - the vIPM is linked to the underlying TPM, so that
attestations produced by the vITPM are still tied to the physical platform [67]. Unfortunately,
the IBM vTPM implementation is not publicly available. However, the vIPM included in the
xen-tools package (developed by Intel) also does not contain this functionality, and also includes
an additional caveat: the physical TPM and the vITPM cannot both be used concurrently, or
even sequentially. Until this is fixed, the IBM vTPM is released, or the TPM supports multiple
simultaneous accesses (not likely to happen, as this would compromise security properties), the
TVMI cannot operate exactly as described. Instead, in our implementation, the CA and the MA
run on virtual machines on different physical machines than their sCore. The rest of the protocol
can then remain unchanged.

The other approach to tying a VMs attestation to its sCore is by a direct hypercall by the
VM. If an additional hypercall is added to the VMM, the VM has a way of directly asking the
VMM for an attestation of the underlying platform, in addition to the VM attestation. This is

different than our implementation, in which the CA/MA send a message to their sCore, asking for
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an sCore attestation. The hypercall approach has the advantage of being simplest, and fastest.
However, adding a hypercall adds extra interfaces by which the VM may compromise the VMM.
Additionally, it does not immediately tie the VM attestation to the sCore attestation. Some
cryptographic link, such as the one found in the vIPM would still be required.

Unfortunately, no matter how these attestations are generated, they are still load-time
attestations which attest to the state of the system when software is loaded. However, after
the software is loaded, compromise of loaded programs can occur, undetected. Since programs
are measured at load-time, if they are compromised later (at runtime), the measurement list
will not reflect this compromise (unless other malicious programs are loaded as a result of the
compromise). An emerging field of runtime attestation solutions [72] may solve this problem, but
these solutions are insufficiently advanced for current implementations. Additionally, many of
these solutions (for instance, those requiring page-level memory attestations) require much more
complexity than can be comfortably included in an out-of-the-box setup that enables meaningful
attestation [33].

An additional problem is the DoS threat exposed by allowing attestations to be requested
by unauthenticated parties. Since it takes a significant amount of time to generate an attestation,
allowing anonymous parties to request an attestation leads to a potential DoS attack. As a
mitigation for this, when a CA or MA begins to experience a high amount of load, they may
optionally request the requesting party to verify a client puzzle before the attestation would be
generated. This would provide no performance degradation under low loads, since the client
puzzle would not be presented. Under a DoS attack, this would help to slow down the rate
of requests considerably [41, 88, 43]. However, under a widely distributed DDoS attack, the
attestation service is still likely to become overloaded.

After the attestations have been processed and the trust daemon approves a command,
the trust daemon itself executes the command on the sCore, via the Request base class, which

takes a request specification and translates it into a direct command to the xen management
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(xm) daemon, xend. As such, we are able to eliminate xend as a network facing daemon (if
we do not require migration capabilities), since it is no longer required to execute commands
relating to the management of virtual machines. The trust service, which participates in the
TVMI negotiations, takes care of this instead. Using the trust daemon to accept incoming
virtualization requests helps to reduce the attack surface available to a remote attacker.

The rest of the sCore implementation follows closely from the description in chapter 3,
with the exception of an addition to the installation process. In general, an sCore must know
the address of its MA, in order to exchange a secret key that the sCore later uses to verify the
MA’s authorization of a resource request. In our implementation, the MA’s address is given to
the sCore trust daemon explicitly. A more robust approach would be to allow the user to specify
the address of the MA during installation, or preseed it so as to retain a fully automatic install.
However, this introduces the possibility that a fully verifiable sCore could associate with the
”?wrong” MA. This would not lead to a compromise of security goals, but this does mean that
an attacker with physical access could put an sCore under the purview of a different MA. This
would allow an attacker to represent resources as coming from a different MA, perhaps for billing
purposes.

An alternative implementation would get the addresses of the appropriate MA(s) from
DNS records. A custom field can be added for a domain, which returns the MA for a given
address. This requires the DNS infrastructure to be in place for the domain in question, which
is why it was not used here (to maintain simplicity). However, this allows systems to flexibly
determine their MA in the presence of a physical attacker as long as the network and DNS
infrastructure is not tampered with. Using these three approaches, static, specified at install

time, and DNS, administrators have a wide range of options for associating an sCore with an

MA.
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5.4.1 Storage

Although the implementation of the TVMI works as expected, it is missing an important
piece of the puzzle of virtualization infrastructure: secure storage. When VMs migrate in a
performance sensitive way (live migration [25], for example) they must share storage to obviate
the need to transmit a VM’s disk over a network. This implementation forgoes this feature for
complexity’s sake, but a production grade system must find a way to take this into account.
Some solutions that may be applicable exist [56, 20, 37], but they are not discussed here.

This is a particularly important question to resolve, as it will govern how the coalitions in
the TVMI will operate. For instance, if there is no shared storage, a VM must be copied securely
from one sCore to another, which prevents most useful performance-sensitive migration because
disk migration takes too long to maintain a semblance of availability. Additionally, the VM has
now left the control of the CA. In the TVMI, we have assumed that VMs are stored in some secure,
shared storage facility. If they are copied from sCore to sCore, some mechanism will have to be
implemented to prevent information leaking to a physical attack who can reboot the machine
and inspect the hard drive. This seems trivially achievable with full disk encryption whose keys
are sealed to a trusted TPM state, but this begins to get complicated when memory attacks are
considered [21, 42]. Furthermore, this sealing/encryption policy must be communicated in an
attestation to enable one sCore to trust another to maintain the secrecy of encrypted VMs. It
is difficult to underestimate the importance of secured storage, as it underpins both the security
and performance models of this work. However, this is a broad area of research, with many

different and divergent solutions, so it is not discussed in great detail here.
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5.5 Experiment

Our implementation of the TVMI is built on the same open source platform as the sCore
in chapter 3, as described in section 5.4. To demonstrate the usability and effectiveness of this
protocol, we run an experiment as outlined in figure 5.1.

As described in section 5.4, the current vIPM implementations restrict our ability to use
both the vIPM and TPM simultaneously. Consequently, we run the CA and MA on different
physical systems than their sCore. In order to demonstrate that this works reasonably, we run
an experiment for a user to login to the CA, and run the command to start a virtual machine on
a remote sCore that the MA chooses.

Each physical machine is a Dell Optiplex 745, with dual core 1.86 GHz processors. All
systems had 1G of memory. These machines are all running on the same 10Mbps network. The
sCore were created according to the specifications found in 3. Most importantly, this means they
are running a version of Ubuntu Linux with a modified 2.6.24 kernel.

In order to demonstrate the effectiveness and usability of this system, we run an experiment
with the goal of having a user start a VM. The user used a client program to select commands
to run for a menu, while supplying details such as coalition name, VM name, etc. For instance,
the user might pick ”Start VM” from a menu, and supply VM and coalition name, and send the
request out. In this particular instance, all appropriate exchanges and verifications took place
(as described in section 4.4), and a user’s VM was started on a remote sCore.

Even over 6 physical machines (the design only specifies 4), this protocol took a total of
4.8 seconds to execute (2.8 seconds when MA and CA were re-used). Table 5.2 gives a listing
of how long messages take to process, both for the first execution of a command and the second
execution (when the CA and MA attestations are cached).

Table 5.2 demonstrates that the bulk of the processing time (approximately 3 seconds)

is tied up in TPM quoting operations, which take .987 seconds apiece when quoting all PCRs
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(around .90 seconds if only 1 PCR is quoted). Additionally, this demonstrates one of the strengths
of the TVMI architecture: it is much faster when the same CA and MA are reused by the user
for future operations and attestations are cached. Very little processing time is required for the
other messages, which reflects the relatively small size of the code involved in addition to the
basic trust daemon in Chapter 3 (between 1000 and 2000 lines).

Clearly, the time delay for this protocol can be somewhat problematic for extremely per-
formance sensitive applications. However, there are a few things that mitigate this. Firstly,
attestations can be valid for a certain period of time. As shown above, caching attestations and
re-using MAs and CAs speeds message processing up significantly. In many situations, it makes
sense for the CA to use the same MA for subsequent requests. For instance, a coalition may
logically ”belong” on machines in a single administrative domain, controlled by the MA. In an
educational setting, for example, a single MA would likely be responsible for a large number
of machines, and a coalition based in that educational domain could decide to try to use those
machines first. In this case, once a user submits his first request, subsequent attestations between
CA and MA, as well as attestations between the user and the CA, will be cached.

In order to maximize the scalability of this protocol, this sort of caching will have to be
emphasized wherever possible. In the future, resource allocation algorithms should focus heavily
on re-using previously used resources so that attestations will be cached, wherever possible. If
the final sCore has enough resources available, even the attestation between sCore and CA can
be cached. This brings the total protocol time well under 2 seconds, a very low latency compared
to the latency of the VM operations that are being requested. In short, a most-recently-used
allocation strategy is likely to yield good performance speedups for virtual machine operations.

The other potential source of mitigation for this slowdown is from the TPM itself. We
tested some TPMs (Atmel, version 1.2) in which the quoting function took more than 8 seconds

in some instances (if not enough data was available in the entropy pool of the TPM). Generally,
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there is a good deal of variability over TPM models. Future generation of TPMs are likely to be
a great deal faster, which will greatly decrease the running time of this protocol [77].

This experiment does expose one of the current weaknesses of trusted computing: the
speed of the TPM is a detriment to overly complex attestation schemes. Consequently, decisions
had to be made in this protocol to avoid pairwise attestation of all parties involved. Very little
has been said on the topic of TPM performance, and we hope that this work will help to raise
awareness of this as a performance-limiting issue. Server TPMs, however, have the potential to
largely mitigate this problem [19]. Little is known about the speeds of these devices, however, so

they are not included here.



Fig. 5.1. Illustration of the protocol to communicate a User request to a fulfilling sCore

[Message Type [Time w/ Attestation (in ms)[Cached Attestation|
sCore attestation request 967.50 1.98
request from user (on sCore) 001.57 1.57
request VM attestation 001.35 1.35
CA process user request 3.95 3.95
Attestation response 16.77 16.77
MA response to CA 1.06 1.06
MA process CA request 1.01 1.01
User request to CA 6.39 6.38

Fig. 5.2. Description of times to process each type of message
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Chapter 6

Conclusion

6.1 Future Work

By creating a ROTI, and by implication, a small TCB capable of being fully verified, we
begin to enable distributed virtualization to operate with more stringent security goals. However,
future work needs to be done in order to fix problems in the sCore and enable a richer set of
applications.

One of the first problems that must be fixed is how to measure programs that run other
programs. For instance, take the python interpreter. When a python program runs, the python
interpreter runs first, and loads the python program. Unfortunately, the only thing measured is
the python interpreter itself. So running ”python /rootkit.py” and ”python good_program.py”
both show up in the IMA measurement list as ”/usr/bin/python”. In general, the model of
measuring loaded code by not be sufficient to fully measure a system’s state. A new approach
may be needed, or some rationale provided that modifying scripting interpreters is the only action
we need to take.

This additionally relates to the problem of runtime attestation mentioned earlier. If a piece
of code is compromised, and a rootkit is injected, IMA will not measure the rootkit, because it
is not new code being loaded into memory. In short, when code runs other code, IMA fails to
detect it. Runtime attestation may allow us to say that a system is in a ”good” state now, as
opposed to current attestation, which can only certify the software running on a system at time

t, where it may be time ¢ + € now.
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Additionally, load-time attestations are still quite complex. The vastly reduced TCB (the
sCore) introduced here is manageable, but if significantly more software is introduced, a method
of reducing the attestation size will have to be devised. As discussed in chapter 2, PRIMA
does this by only attesting high-integrity programs and their inputs. If determining this set of
high-integrity inputs is difficult or impossible, it will be necessary to find a way to represent full
attestations in a less complex way. Work towards this goal is currently ongoing.

Related to this, it is becoming critical to figure out a way to attest to virtual machines,
as well as their hypervisors and control VMs (dom0, for instance). As seen with the problems
relating to the vI'PM in section 4, this is not currently a well-developed solution. In the Terra
paper, for instance, VMs were simply attested as a giant blob of their filesystem [33]. While this
is a great, simple solution for VMs whose entire disks are well known and do not change, for most
VMs, this would quickly become unverifiable. Consequently, a new solution must be devised, if
the virtual machines themselves are to be trusted, and not simply their host.

Even if the virtual machines are attested, there is still no adequate storage system for
securing VMs in the trust model we assume (attacker with full physical and administrative access
to the system). We still must find a way to store VMs, while maintaining the confidentiality and
integrity of their data. This could be done in an sCore that seals data to a current system state,
but we are interested in pursuing additional options that do not increase the size of the sCore
itself.

Once this is done, more robust coalition operations can be performed. In its current
incarnation, coalition management is a proof-of-concept. Some operations, like coalition joining,
make little sense in the current environment because of the lack of current VM attestation
mechanisms. If there were a mechanism to attest to VMs, a coalition join operation could make
a much more informed decision as to whether or not to allow VMs to join or not. VM migration
has already been discussed, and is another example of an operation which could be supported

with more investigation into the trusted infrastructure of the TVMI.
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Additionally, coalition management is more complex than the proof-of-concept implemen-

tation in this work would lead one to believe. Coalitions should support (and often require)
complicated policy. While this work designs a framework to enforce a wide variety of arbitrary
policy, more work is necessary to determine how the TVMI will be used in practical situations.
Moreover, more work needs to be done in order to fully investigate the precise sequence of oper-
ations which should occur for each coalition request. This work, conversely, is primarily focused

on achieving the most simple, secure version of these operations possible.

6.2 Conclusion

This work demonstrates that meaningful trust can be built between distributed systems
using a root of trust in hardware. Using a root of trust, we can certify that code and data remains
unchanged from a trusted source. This differs from previous approaches, most of which do not
take the source of data and code into account at all. We allow the system to change and evolve
in an organic way, while at the same time protecting it from arbitrary changes from users. This
work helps to demonstrate that meaningful trust requires attestation of a system in its entirety,
but it also requires allowing changes, as even minimal systems are not entirely static.

Additionally, we explore the security goals likely to be present in a distributed, trusted
virtualization model. Users of VMs have a set of security and resource goals that they must
fulfill, while machine owners may wish to enforce resource controls based on coalition identity.
We provide an example of how to negotiate both sets of constraints simultaneously, while ensuring
that the security goals of the user are enforced, regardless of the VM’s location.

Thus, this work serves to both enhance the usability and security of distributed, trusted
virtualization. Although more work is necessary to fully realize the potential of this idea, it is
clear that this approach enables distributed security with guarantees that were not previously
possible. In the future, we hope these principles will be applied to a wide variety of disciplines,

including hosting, distributed computation, internet save/restore, and commodity computing.
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Clearly, secure, distributed computing holds much promise, and given the current direction of
computing technology, it will soon become a requirement to enable the full suite of applications

desired by users.
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