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existence of the root of trust, data is unsealed from a sealed
storage facility. The sealed storage facility is unsealed respon-
sive to a root of trust being determined to exist on the com-
puting platform. The data can be used to attest to the trust-
worthiness of the computing platform to other device on a
network.
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1
TRUST VERIFICATION OF A COMPUTING
PLATFORM USING A PERIPHERAL DEVICE

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. provisional
patent application Ser. No. 61/471,998, filed Apr. 5, 2011,
which is hereby incorporated herein by reference in its
entirety.

BACKGROUND

One approach for ensuring that a computing platform is
trustworthy is to establish existence of a root of trust. A root
of'trust refers to an environment where code may be executed
without fear of compromise. A simple example of a root of
trust is firmware on read only memory (ROM). ROM firm-
ware is capable of being a root of trust because it, by its very
nature, is read-only and therefore cannot be modified, for
instance by a malicious attacker. A dynamic root of trust
measurement (DRTM) is used to dynamically, that is, at any
point during a computer system’s lifecycle, establish a root of
trust. A DRTM can also be used to reestablish trust of a
computer system subsequent to a security compromise
caused by malware on the system.

While an evaluation of trust can be useful for establishing
trustworthiness of a computing platform, there are drawbacks
to current implementations of a DRTM, and in particular
when extended to establishing trustworthiness across and
among a network of computing platforms. What is needed is
an effective and convenient means for establishing end-to-
end trust of multiple computing platforms of a network,
wherein each computing platform on the network is to be
individually evaluated and attested as to its trustworthiness,
and wherein each computing platform communicates its trust
measurements to other computing platforms, evaluates trust
measurements of other computing platforms, and enables/
disables services to other computing platforms based on their
trustworthiness.

BRIEF SUMMARY

The shortcomings of the prior art are overcome and addi-
tional advantages are provided through the provision of a
system for facilitating verification of trustworthiness of a
computing platform. The system includes, for instance, a
peripheral device configured to couple to the computing plat-
form. The peripheral device includes a memory and a proces-
sor in communications with the memory, and the peripheral
device is configured to facilitate performing a method that
includes dynamically assessing trustworthiness of the com-
puting platform, the dynamically assessing including deter-
mining whether a root of trust exists on the computing plat-
form, the root of trust including a trusted execution
environment, and responsive to determining existence of the
root of trust on the computing platform, automatically unseal-
ing data from a sealed storage facility of the peripheral device,
the sealed storage facility being unsealed responsive to a root
of trust being determined by the peripheral device to exist on
the computing platform.

Further, a method for facilitating verification of trustwor-
thiness of a computing platform is provided. The method
includes, for instance, providing a peripheral device config-
ured to couple to the computing platform, the peripheral
device including a memory and a processor, in communica-
tions with the memory, wherein the peripheral device is con-
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figured to facilitate performing a method that includes
dynamically assessing trustworthiness of the computing plat-
form, the dynamically assessing including determining
whether a root of trust exists on the computing platform, the
root of trust including a trusted execution environment, and
responsive to determining existence of the root of trust on the
computing platform, automatically unsealing data from a
sealed storage facility of the peripheral device, the sealed
storage facility being unsealed responsive to a root of trust
being determined by the peripheral device to exist on the
computing platform.

Yet further, a computer program product is provided for
facilitating verification of trustworthiness of a computing
platform by a peripheral device configured to couple to the
computing platform. The computer program product includes
anon-transitory storage medium readable by a processor and
storing executable instructions for execution by the processor
to facilitate performing a method. The method includes, for
instance, dynamically assessing trustworthiness of the com-
puting platform, the dynamically assessing including deter-
mining whether a root of trust exists on the computing plat-
form, the root of trust including a trusted execution
environment, and responsive to determining existence of the
root of trust on the computing platform, automatically unseal-
ing data from a sealed storage facility of the peripheral device,
the sealed storage facility being unsealed responsive to a root
of trust being determined by the peripheral device to exist on
the computing platform.

Additionally, a method for facilitating verification of trust-
worthiness of a computing platform is provided, which
method includes dynamically assessing, by a processor of a
peripheral device configured to couple to a computing plat-
form, trustworthiness of the computing platform, the dynami-
cally assessing including determining whether a root of trust
exists on the computing platform, the root of trust including a
trusted execution environment, and responsive to determin-
ing existence of the root of trust on the computing platform,
automatically unsealing data from a sealed storage facility of
the peripheral device, the sealed storage facility being
unsealed responsive to a root of trust bring determined by the
peripheral device to exist on the computing platform.

In addition, a method for facilitating verification of trust-
worthiness of a computing platform is provided. The method
includes issuing, by a processor of a peripheral device
coupled to the computing platform, a challenge for execution
by the computing platform, the challenge including one or
more execution steps for producing a challenge response,
obtaining by the processor a challenge response generated
responsive to executing the challenge by the computing plat-
form, determining by the processor whether the obtained
challenge response matches an expected challenge response
known to the peripheral device and unknown to the comput-
ing platform, wherein a match between the obtained chal-
lenge response and the expected challenge response indicates
existence of a root of trust on the computing platform, and
responsive to determining that the obtained challenge
response matches the expected challenge response, automati-
cally unsealing data from a sealed storage facility of the
peripheral device, the sealed storage facility being unsealed
responsive to a root of trust being determined by the periph-
eral device to exist on the computing platform.

Additional features and advantages are realized through
the concepts of the present invention. Other embodiments and
aspects of the invention are described in detail herein and are
considered a part of the claimed invention.

BRIEF DESCRIPTION OF THE DRAWINGS

One or more aspects of the present invention are particu-
larly pointed out and distinctly claimed as examples in the
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claims at the conclusion of the specification. The foregoing
and other objects, features, and advantages of the invention
are apparent from the following detailed description taken in
conjunction with the accompanying drawings in which:

FIG. 1 depicts an example in which a trust enabling device
is used to facilitate verification of trustworthiness of a com-
promised computer platform, in accordance with one or more
aspects of the present invention;

FIG. 2 depicts one example of a trust enabling device, in
accordance with one or more aspects of the present invention;

FIG. 3 depicts one example of a trust enabling device being
coupled to a computing platform to facilitate verification of
trustworthiness thereof, in accordance with one or more
aspects of the present invention;

FIG. 4A depicts an example process of a trust enabling
device to facilitate verification of trustworthiness of a com-
puting platform, in accordance with one or more aspects of
the present invention;

FIG. 4B depicts an example process of a computing plat-
form to facilitate verification of trustworthiness of the com-
puting platform, in accordance with one or more aspects of
the present invention;

FIG. 5 illustrates a comparison in response time between a
software-based dynamic root of trust measurement of an
untrustworthy computing platform and a software-based
dynamic root of trust measurement of a trustworthy comput-
ing platform, in accordance with one or more aspects of the
present invention; and

FIG. 6 depicts one embodiment of a computer program
product to incorporate one or more aspects of the present
invention.

DETAILED DESCRIPTION

Examples of hardware-enabled technology for evaluating
trust of a computing platform include implementations of the
Trusted Platform Module, based on a specification promul-
gated by the Trusted Computing Group™, as well as Hard-
ware Dynamic Root of Trust Measurement (H-DRTM) tech-
nologies such as the Trusted Execution Technology (TXT)
(offered by Intel Corporation, Mountain View, Calif.) and
SKINIT (offered by Advanced Micro Devices, Sunnyvale,
Calif.). Trusted Platform Module implementations are not
alone sufficient for providing dynamic root of trust measure-
ment, since they do not provide a root of trust (e.g. a trusted
and/or isolated execution environment), and thus are suscep-
tible to malware acting as a man-in-the-middle.

Unlike trusted platform modules alone, H-DRTMs mea-
sure root of trust but do so using other hardware such as (i) a
trusted platform module of a motherboard of the system to be
verified and (ii) additional central processing unit modifica-
tions to establish a dynamic root of trust (sometimes referred
to as a ‘secure late launch’). In one example, H-DRTMs may
be used to securely measure the integrity of software.
H-DRTMs, however, are available only in a small subset of
laptop and desktop computers, are generally not found on
servers, and currently do not exist on embedded devices.
Furthermore, H-DRTM technology is relatively new and
therefore few currently deployed computing systems incor-
porate it. Therefore, to create a computer system and network
of computer systems today that supports secure end-to-end
trust is prohibitive because it would require replacing existing
computer systems with new H-DRTM enabled units, which is
economically infeasible in many scenarios. Use of H-DRTMs
is prohibitive because it requires both central processing unit
and motherboard modifications, as well as a trust platform
module-compliant BIOS, and specialized BIOS support.
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Specific H-DRTM implementations also have their own
inherent drawbacks. Intel’s TXT, for instance, requires pro-
visioning, and thus will not work with legacy systems or
systems already setup and operating (i.e. not possible to
implement an instant secure workstation). In addition to the
above, existing H-DRTM technology is also not capable of
measuring more than one piece of software at a time, and is
primarily designed only to launch a trusted operating system
or hypervisor.

Yet another disadvantage of current DRTMs is the pres-
ence of security vulnerabilities that have been found and that
are capable of bypassing the implementation of a DRTM in a
computing system. Current DRTMs are implemented pre-
dominantly in hardware, with the supporting software resid-
ing in the BIOS. Thus, when a bug is found, the BIOS must be
at least be re-flashed and this is not easily accomplished. In a
more drastic scenario, the bug resides in hardware and can be
fixed only by fitting the machine with new hardware.

Software Dynamic Root of Trust Measurements
(S-DRTM) have been developed to address some of the above
issues. S-DRTM is a software-based DRTM similar to the
above H-DRTMs with a defining difference being that
S-DRTM does not require hardware modifications to the
computing platform for which the DRTM is being performed.
Instead, a S-DRTM implements a software challenge-re-
sponse algorithm between a client and a remote server.

S-DRTMs do not require special hardware modifications,
and thus can be used on legacy systems. However, because a
S-DRTM is software-based, it does not have a secure storage
facility in hardware for protecting sensitive data. Addition-
ally, it is susceptible to network latency attacks, and it relies
on a dedicated server to verify trust.

In accordance with one or more aspects of the present
invention, a hardware device referred to herein as a trust
enabling device is provided that employs an S-DRTM proto-
col. As explained in further detail below, the trust enabling
device includes both dedicated hardware to evaluate and mea-
sure trust of a computing platform by way of a dynamic root
of trust measurement, and software implementing a protocol
for communicating the evaluated trust measurements. The
trust enabling device provides currently-deployed computing
platforms with functionality and advantages of both a
H-DRTM and a S-DRTM without incurring the limitations
noted above for those technologies. Advantageously, by using
a trust enabling device, each computing platform (also
referred to herein as a “node”) on the network is able to
evaluate its trustworthiness, communicate its trust measure-
ments to other nodes, evaluate other nodes’ trust measure-
ments, and enable/disable services to other nodes based on
their trustworthiness.

The trust enabling device provides protections similar to
those afforded by hardware-based DRTMs, and also provides
more convenient provisioning mechanisms without the need
to include new hardware into the computing platform. The
trust enabling device may be configured to work with any type
of'node on a network, including, but not limited to: desktops,
laptops, servers, embedded systems, SCADA systems, and
mobile platforms. In one particular embodiment, the trust
enabling device is implemented as a peripheral component
interconnect (PCI) add-on card, universal serial bus (USB)
stick, or any form of plug-and-play device.

The trust enabling device is configured to facilitate
dynamically assessing trustworthiness of a computing plat-
form by way of a dynamic root of trust measurement. The
DRTM can be performed at any time, such as before or after
the computing platform becomes compromised. FIG. 1
depicts an example in which a trust enabling device is used to
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assess trustworthiness of a compromised computing plat-
form, in accordance with one or more aspects of the present
invention. Computing platform 102 is compromised in that
malware 104 is installed thereon. In this example, malware
104 is attempting to compromise execution environment 106,
potentially rendering execution environment 106 untrustwor-
thy.

Execution environment 106 includes challenge execution
and response generation facility (in the form of, for instance,
program code) 108 and critical software 110. In one example,
critical software 110 comprises an operating system or hyper-
visor of computing platform 102. Challenge execution and
response generation facility 108 receives a challenge from
trust enabling device 112, which is, in one example, a device
in communication with (and optionally coupled to) comput-
ing platform 102. The challenge can be randomly created to
prevent offline reverse engineering, and be generated respon-
sive to a request from computing platform 102 to receive a
challenge, for instance upon a boot of computing platform
102 or prior to some execution of software (e.g. critical soft-
ware 110 of FIG. 1) that is to be validated as trustworthy prior
to executing.

Challenge execution and response generation facility 108
executes the challenge. The challenge is designed to assess
the integrity of one or more components of computing plat-
form 102, in this example critical software 110 and/or execu-
tion environment 106 in which critical software 110 is to run.
In some embodiments, the challenge might execute to iden-
tify hardware attributes of the system, such as hardware iden-
tifiers or serial numbers.

A challenge response is generated responsive to the execu-
tion of the challenge and is provided to trust enabling device
112. A timer of trust enabling device 112 is started upon
providing the challenge to challenge execution and response
generation facility 108. This timer is used to determine the
time it takes for computing platform 102 to execute the chal-
lenge and respond back to trust enabling device 112 with the
challenge response, and thus helps in verifying that proper
challenge execution was not emulated or reverse engineered,
as is explained in further detail below. If the challenge
response returned to trust enabling device 112 is invalid (that
is, does not match what is expected to be returned by the
computing platform), or if the time to execute the challenge
took too long, the response from the trust enabling device 112
is considered invalid and the assessment will determine that a
dynamic root of trust does not exist on computing platform
102. Alternatively, if the challenge response is valid and
received sufficiently quickly (for instance below a pre-deter-
mined threshold of response time), then it is determined that
a root of trust exists on computing platform 102, and more
specifically that execution environment 106 is trusted, despite
computing platform 102 having been compromised by mal-
ware 104.

FIG. 2 depicts an example embodiment of a trust enabling
device in accordance with one or more aspects of the present
invention. Trust enabling device 200 includes a processor 202
and memory 204. Processor 202 comprises any appropriate
hardware component(s) capable of executing one or more
instructions from memory 204, as is appreciated by those
having ordinary skill in the art. Memory 204 includes chal-
lenge/response code 206 that is capable of generating a chal-
lenge for providing to a computing platform and evaluating a
challenge response received from the computing platform in
response to executing the provided challenge. In one
example, challenge/response code 206 additionally com-
prises code capable of simulating execution of the challenge
to obtain an expected challenge response for comparison to a
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received challenge response. Validity of the received chal-
lenge response is therefore determined based on a compari-
son of the received challenge response to the expected chal-
lenge response.

Memory 204 also includes a sealed storage facility 208.
Sealed storage facility 208 is capable of sealing data that can
be unsealed to allow access to that data after the computing
platform being assessed has been verified by the trust
enabling device 200 to be trustworthy. In one example, data is
stored in memory regions of memory 204, which memory
regions correspond to sealed storage facility 208 and which
memory regions are accessible responsive to a root of trust
being determined (by trust enabling device 200) to exist on
the computing platform. In a particular embodiment, data in
sealed storage facility is accessible ifand only ifa root of trust
is established on the computing platform. As an example,
program code stored in memory of the trust enabling device
can regulate access to the data. Additionally, to further protect
sealed storage 208, trust enabling device 200 can be config-
ured to automatically erase memory 204 or a portion thereof
(such as sealed storage facility 208 portion) upon physical
tampering with trust enabling device 200.

Trust enabling device 200 also includes a timer 210, such
as an internal clock, that is not controlled by the client com-
puting platform. Timer 210 facilitates performance of accu-
rate and tamper-proof measurements of response time, i.e. the
time between providing the challenge to the computing plat-
form and receiving the challenge response. As noted above,
this aids in detection of emulation of challenge execution or
active reverse engineering of the challenge response.

Additionally, trust enabling device 200 includes an input/
output (/O) communications interface component 212 for
communicating data between trust enabling device 200 and a
computing platform to which trust enabling device 200 is
coupled. In one example, /O communications interface com-
ponent 212 comprises a network adapter for communication
of data between trust enabling device 200 and other devices
on a network to which trust enabling device 200 is connected,
such as a computing platform being assessed across the net-
work. In another embodiment, trust enabling device 200 com-
prises a universal serial bus (USB) or peripheral component
interconnect (PCI) device, in which case /O communications
interface component 212 comprises, respectively, a USB or
PCI adapter configured to couple to a USB or PCI port of the
computing platform.

FIG. 3 depicts one example of a trust enabling device being
coupled to a computing platform to facilitate verification of
trustworthiness of the computing platform. In FIG. 3, trust
enabling device 302 is a peripheral device that is physically
coupled to a peripheral device interface 306 of computing
platform 304. In one example, trust enabling device 302 com-
prises a USB device that and plugs into a USB port 306.

After being operatively coupled together, trust enabling
device 302 and computing platform 304 can then communi-
cate data between one another. In accordance with aspects of
the present invention, trust enabling device 302 provides a
challenge to computing platform 304 and computing plat-
form 304 processes the challenge using processor 308 and
challenge execution code 312 in memory 310. A challenge
response is generated responsive to executing the challenge,
and the challenge response is provided back to trust enabling
device 302 for evaluation. Evaluation of the challenge
response facilitates determination of whether a root of trust,
that is a trusted execution environment, exists on computing
platform 304. In one example, critical software 314 is there-
after enabled to execute only if the root of trust be determined
to exist. This enabling may be accomplished by trust enabling
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device 302 unsealing and providing data (such as an encryp-
tion/decryption key) to computing platform 304 that enables
the platform to execute/use critical software 314. In another
example, critical software 314 is executing on computing
platform 304 and execution of the challenge generates the
challenge response based on values of registers or other data
dynamically created or generated in response the execution of
critical software 314 on computing platform 304. In this
scenario, a mismatch between the generated challenge and an
expected challenge response will indicate that critical soft-
ware 314 or the execution environment in which the critical
software 314 executes was compromised, and it is determined
that a root of trust does not exist on computing platform 304.

In generating the challenge for the computing platform, the
trust enabling device executes challenge/response code (e.g.
206 of FIG. 2) to perform randomization of software (i.e.
randomization of the challenge elements such as instructions
or execution steps for the computing platform to follow when
executing the challenge) and analysis of challenge responses
(received in the form of checksum(s) reported back by the
computing platform, in one example). Measurement of soft-
ware on the computing platform is performed by way of
executing the challenge, and the sealing and unsealing of
sensitive data is based on those measurements. Accordingly,
the trust enabling device unlocks sensitive data via DRTM
software of the trust enabling device. The sealed storage
facility (e.g. 208 of FIG. 2) is capable of safely storing secre-
tive information (data) and is configured to release such data
responsive to a root of trust being established to exist. As
noted above, the unsealed data could be data to enable execu-
tion or use of software on the computing platform. In another
example, the unsealed data could include protected software
that is provided to the computing platform for execution.

FIGS. 4A & 4B depict example processes to facilitate
verification of trustworthiness of a computing platform, in
accordance with one or more aspects of the present invention.
FIG. 4A depicts an example process of a trust enabling
device, while FIG. 4B depicts an example process of the
computing platform. The two processes work in conjunction
with one another and so are described collectively below.

To verify trustworthiness of the computing platform, the
process begins by following a challenge-response protocol in
which a challenge is issued to the computing platform, the
challenge is executed to obtain a challenge response, and the
response is delivered back to the issuer of the challenge.
Referring to FIGS. 4A and 4B, the trust enabling device sends
the challenge to the computing platform and starts the timer
(402). In one example, the challenge is generated and sent by
the trust enabling device responsive to a request by the com-
puting platform to the trust enabling device to solicit a
dynamic root of trust measurement of the computing plat-
form, for instance when the computing platform wishes to
prove its trustworthiness to another system. The challenge
consists of software designed to verify that the computing
platform and/or one or more components thereof (such as an
execution environment) is in an expected state that can be
verified to be secure. In one example, the challenge indicates
one or more operations to be executed on the computing
platform to generate the challenge response. The challenge is
randomly created and elements thereof are randomly ordered,
in one embodiment. This challenge might include (but is not
limited to) instructions for execution to facilitate verifying the
computing platform’s system interrupt vectors or its execu-
tion state, or to detect the presence of virtual machine rootkits,
as examples.

The computing platform receives and executes the chal-
lenge (404) to generate a challenge response (406). In one
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example, the challenge response comprises a checksum and is
generated based on software and/or hardware being measured
via the root of trust measurement (such as critical software
314 of FIG. 3). The challenge response is then sent (408) to
the trust enabling device. The trust enabling device receives
the response (410) and verifies the response and timer (412).
For instance, the trust enabling device examines the received
response and compares it against an expected response. The
expected response may be generated independently by the
trust enabling device using the challenge issued to the com-
puting platform. A mismatch between the challenge response
and the expected challenge response will indicate that the
computing platform is not trustworthy, i.e. a root of trust does
not exist.

Verifying the timer includes determining a time that was
taken to receive the response from the computing platform. In
this regard, the value of the timer when the response was
received can indicate a time taken to receive the response (i.e.
if the timer starts at zero and counts up, for instance). In
another example, timer identifies a non-zero time value (such
as the time of day), and the time taken is determined based on
the time of day at which the challenge is sent and the time of
day at which the challenge response was received.

FIG. 5 illustrates a comparison in response time taken by a
trustworthy computing platform versus an untrustworthy
platform. 502 of FIG. 5 denotes the case of a trustworthy
platform, in which the time taken includes the time taken for
the S-DRTM (execution of the challenge) and the network
latency which refers to the time to transfer the generated
challenge response from the computing platform to the trust
enabling device. In contrast, 504 of FIG. 5 denotes the case of
anuntrustworthy platform, in which malware or another form
of' malicious code must reverse engineer the challenge execu-
tion or activate a VMX hypervisor rootkit in order to generate
the correct response. A VMX hypervisor rootkit, for example,
is a rogue hypervisor that can monitor the computer’s actions
and manipulate the results of the measurements obtained
from executing the challenge. However, the extra time taken
for these actions by the VMX hypervisor rootkit or other
malware will obviously delay the sending and receipt of the
response. A threshold amount of time denoting the maximum
allowable time to generate and transmit the response can be
established by determining an expected amount of time to
execute the challenge based, for instance, on processing
speed and capability of the computing platform. The trust
enabling device can compare the timer value (indicating the
actual time to respond) against the threshold. A response
received in an amount of time below the threshold amount of
time is deemed valid, whereas a response received in an
amount of time above the threshold amount of time is deemed
invalid.

The example challenge-response protocol described above
is just one example. Any suitable challenge-response protocol
can be employed, examples of which include the protocols
described in: Seshadri et al.,, “PIONEER: VERIFYING
CODE INTEGRITY AND ENFORCING UNTAMPERED
CODE EXECUTION ON LEGACY SYSTEMS,” in Pro-
ceedings of the Twentieth ACM Symposium on Operating
Systems Principles, Vol. 39, No. 5. (December 2005), pp.
1-16; and Martignoni et al., “CONQUEROR: TAMPER-
PROOF CODE EXECUTION ON LEGACY SYSTEMS,” in
Christian Kreibich, Marko Jahnke, editors, Detection of
Intrusions and Malware, and Vulnerability Assessment, 7%
International Conference, DIMVA 2010, Bonn, Germany,
Jul. 8-9, 2010, Proceedings, Volume 6201 of Lecture Notes in
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Computer Science, pages 21-40, Springer, 2010, both of
which are hereby incorporated herein by reference in their
entirety.

Further details are provided of an example challenge-re-
sponse protocol. The challenge can be a piece of software,
generated by the trust enabling device, that is executed by a
client computer (the computing platform being assessed. The
challenge can contain a group of components, each of which
is executed in a random order. A component is, in one
example, a single piece of code designed to measure a portion
of'the computing platform. For example, a component might
hash a piece of code, or it might identify the current state of
the CPU of the computing system.

A goal of one of more of the described components can be
to both set the state of the computing platform into one that is
protected against subjugation, as well as to verify that the
computing platform’s state and root-of-trust has not been
tampered with by, for instance, a malicious attacker.

The challenge can utilize the state that it detects to generate
a checksum of the computing platform being checked. This
checksum is, in one embodiment, randomized and changes
with every execution of the challenge-response protocol. The
trust enabling device verifies the checksum and, in doing so,
ascertains the state of the computing platform.

Challenge Components: The following outlines a specific
aspect of the computing platform that can be verified, how the
challenge will operate, and how it can be randomized. Addi-
tionally, each challenge component can also be compiled with
a binary obfuscator to inhibit reverse engineering attempts.

Memory Verification—Throughout the challenge execu-
tion, there can be a component that checksums critical
regions of memory in sections (what makes a region
critical is determined by the use case of the SDRTM).
The order of which section is checksummed is random-
ized each time the challenge-response protocol is
executed, in one example. The randomization can be a
permutation of the section list, ensuring that every byte
in the critical region is verified. These memory verifica-
tion components can be strewn throughout the other
verification components to prevent real-time reverse
engineering.

Interrupts—In addition to wiping system memory, it may
be advantageous to prevent other processes from execut-
ing while the challenge is operating. Thus, in this case,
any code capable of interrupting the SDRTM must be
verified, which can be accomplished via interrupt based
components. An example of an interrupt component on
the x86 architecture is the Interrupt Vector Table (IVT).
In this example, the IVT, and the handlers must be veri-
fied. In some cases, the IVT handlers should be replaced
with new handlers designed to invalidate the checksum
if executed (preventing an attacker from using inter-
rupts).

VMX Detection—With the addition of hardware virtual-
ization, the possibility of a malicious hypervisor or
dynamic reverse engineering can be addressed by the
SDRTM. If the measurements pass, but there is none-
theless still a malicious hypervisor installed, then that
hypervisor could taint the ‘trusted’ application. One
method for detecting the presence of a hypervisor is to
compare the expected time of an operation that triggers
the hypervisor with the actual time to execute. Since the
trust enabling device is provided with its own internal
timer/clock, it is possible to detect if the hypervisor is
trapping on certain instructions.

System State Verification—The challenge can also record
various settings of the system, such as the value of cer-
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tain control registers to make the sure the system is in a
state consistent with what is expected by the trust
enabling device. On an x86 computer system, for
instance, they can include the CR0-CR4 registers, PCI
configuration space values, and DR0-DR7 values.

The aforementioned challenge components are examples
of the possible aspects of the computing platform’s security
than can be measured and verified by the trust enabling
device. The challenge-response architecture however can be
re-targeted and adapted to new and future systems, allowing
the same security guarantees. That is, the above are provided
only as examples. The SDRTM challenge components could
include any element to measure of verify the state of the
computing platform being assessed.

As noted above, the trust enabling device is able to verify
the challenge response (i.e. checksum value) from the com-
puting platform. Since the trust enabling device generates the
random ordering of execution and, in one example, deter-
mines a seed for a deterministic pseudo-random number gen-
erator (PRNG) to facilitate challenge execution, the trust
enabling device possesses information necessary to deter-
mine the appropriate challenge response (checksum). The
trust enabling device therefore can simply emulate execution
of'the challenge (as there is not a strict time-limit on the trust
enabling device’s execution), and when a system value is
needed in executing the challenge, the expected value is used
instead.

Returning to FIG. 4A, if the timer and response are veri-
fied—that is, the computing platform has responded to the
trust enabling device with the correct challenge response (e.g.
checksum) and in the correct amount of time—a root of trust
is verified and established to exist (414). Responsive to this
determination, data of the sealed storage facility is automati-
cally unsealed (416). The data is optionally provided to the
computing platform, in which case the computing platform
receives the unsealed data (418). In other embodiments, the
unsealed data is provided to a separate device, such as another
computing platform on a network of which the trust enabling
device is a part. Unsealed data includes any sensitive data, the
protection and release of which is dependent on the presence
of a root of trust of the computing platform.

Thus, in one example, software on the computing platform
is measured and verified using a challenge-response algo-
rithm in which a checksum is generated based on the software
(i.e. code and/or state thereof) and compared against an
expected checksum. The algorithm and challenge are ran-
domly created to prevent offline reverse engineering. If the
computing environment to be verified is modified in any way,
the generated checksum will be invalid. Furthermore, if the
processing to generate the checksum or if the execution envi-
ronment is tampered with in any way, the checksum generated
and delivered to the trust enabling device will be invalid.

As is seen from the foregoing, the trust enabling device
provides a hybrid hardware/software dynamic root of trust
measurement for dynamically verifying a root of trust with-
out the need for processor and motherboard modifications to
the computing platform being assessed, and without the limi-
tations described above of current S-DRTMs. The trust
enabling device will serve as a verifying, hardware-based
device to place the computing platform in a trusted state, and
to verify the integrity of the system and the integrity of
requested software. Unlike existing S-DRTMs, the trust
enabling device’s S-DRTM provides a software-defined
dynamic root of trust via a dedicated hardware add-on (PCI,
USB, etc) and provides secure storage, accessible responsive
to the DRTM executing and the computing platform being
determined to be in a safe state (root of trust is confirmed).
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Additionally, the trust enabling device can detect VMX
hypervisor rootkits, operate in multi-core environments, and
in one example, does not rely on a third-party server (and thus
is not susceptible to man-in-the-middle attacks and network
latency attacks).

The trust enabling device also provides true remote attes-
tation in that the trust enabling device will use its sealed
storage and DRTM to provide hardware-enabled attestation
that is capable of locally attesting to the system and user, as
well as remotely attesting to other nodes on a network. Unlike
current H-DRTM-only implementations, the trust enabling
device does not require organizations to purchase new hard-
ware, other than the trust enabling device, to provide such
end-to-end trust. To the rest of the network, a node using the
trust enabling device may be configured to operate the same
as a node using an H-DRTM and thus, the two technologies
may co-exist, providing a cost effective method for migrating
an existing system to a more secure posture (for example
securing existing critical infrastructure applications). The
hardware, software, and protocols disclosed herein may also
be used with current H-DRTM technologies if desired to
provide a more flexible end-to-end trusted network that scales
with future technologies.

In one example, several nodes on a network are capable of
measuring trust, for instance by way of a trust enabling device
at one or more nodes, so that the nodes on the network are to
be able to establish trusted connections between each other.
To accomplish this, a secure, multi-directional remote attes-
tation protocol, such as the Sailer protocol disclosed in Coker
etal., PRINCIPLES OF REMOTE ATTESTATION, Interna-
tional Journal of Information Security, Vol. 10 Issue 2,
Springer, 2010 (which is hereby incorporated herein by ref-
erence in its entirety) is leveraged to ensure that all commu-
nicating devices are trustworthy and operate in a trustworthy
environment. In one example, to create mutual remote attes-
tation, this protocol will be performed by the several nodes in
combination. Program code to implement the protocol may
be stored in memory of the trusted hardware device and/or on
each computing platform.

To provide better scalability to many clients/servers con-
necting to each other, a root certificate authority (CA) will
optionally be added. If a root CA decides to trust anode, it will
sign that node’s certificate, which can then be shared to prove
to others that the CA trusts the node. In one example, data
unsealed from the trust enabling device comprises security
signature data for signing a security certificate associated
with a computing platform which is determined to be trust-
worthy. The trust enabling device can be configured to sign a
security certificate associated with the computing platform
after it is determined to be trustworthy, and the computing
platform can provide the signed security certificate to other
computing platforms as proof of its trustworthiness.

The remote attestation protocol is designed to provide evi-
dence of the authenticity of a node’s hardware, as well as
proof that the node and its measured software have not been
compromised. The protocol can ensure that each node will be
capable of successfully communicating with other nodes only
if the node contains approved, provisioned hardware and its
authentication software is in good standing. Attestation data
unsealed from a trust enabling device pursuant to the protocol
described above and indicating trustworthiness of a node can
be sent in a trust message to other node(s) to identify the
trusted node, its location, and its system components. In one
example, the attestation data to prove trustworthiness of one
node for another node is transmitted from the trust enabling
device to the other node. For instance, the trust enabling
device provides the attestation data to the other node by way
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of'the node being verified, in which case the attestation data is
provided from the trust enabling device to the node being
verified, and then the node being verified provides the attes-
tation data to the other node.

The aforementioned protocol also provides a way for one
node to verify a trust message of another node. For example,
node B might be willing to trust node A if and only if node A
can reply to node B with a nonce signed/encrypted for B. In
this case, the nonce can be signed by a private key of node A,
which is stored securely in the sealed storage facility of the
trust enabling device, and therefore is protected in the sealed
storage, and accessed only after node A is determined to be in
a trusted state. The encrypted nonce can be provided to the
separate device (node B) for decryption (i.e. reversal of the
encryption that was provided by node A’s private key) to
obtain the original nonce. If the original nonce is obtained
after reversing the encryption, then the private key was used
for performing the encryption, which verifies that the sealed
private key was securely obtained, and therefore proves trust-
worthiness of the computing platform of node A.

In one example, responsive to determining existence of the
root of trust on the computing platform, the trust enabling
device provides sensitive data to the computing platform to
facilitate use of critical software on the computing platform.
The critical software could optionally be stored in the
memory of the peripheral device and provided to the comput-
ing platform for execution, or the critical software could exist
on the computing platform and be verified as part of the
trustworthiness assessment of the computing platform. In one
specific example, unsealed data includes a key for encryption/
decryption for use with the software.

By way of a specific example, assume a user wishes to
execute a secure chat client program on a particular computer
but that computer is untrusted. Assume also that the chat
client uses an encrypted channel for communicating with
another party on another platform, such as a server platform
that is known to be trustworthy. The encrypted channel
requires the encryption key in order to be setup. It is, however,
not desirable to provide the encryption key to the computer
without first verifying its trustworthiness to execute the chat
client using the encrypted channel. In this example, the trust
enabling device can be used to first perform a dynamic root of
trust measurement to establish that the computer can be
trusted, and then, once the platform is verified, the sealed
storage facility is opened to unseal the encryption key which
is then provided to the computing platform (and the chat
client executing thereon) in order to establish the encrypted
channel with the server platform.

The trust enabling device disclosed herein can advanta-
geously bolster and improve the security of existing net-
worked computer systems by providing the systems with the
hardware, software, and protocols required to facilitate an
end-to-end trusted network. Each computing platform on the
network can utilize hardware-enabled secure storage, root-
of-trust, and remote attestation, such as is provided by the
trust enabling device disclosed herein. The trust enabling
device may be used with any remote attestation framework,
for instance the Sailer framework noted above, to provide a
baseline end-to-end trusted network.

The trust enabling device disclosed herein advantageously
facilitates determination of whether a computing platform is
in good standing and trustworthy, verification of the authen-
ticity of a system’s hardware and the system’s identity, and
communication and evaluation of trust messages from one
system to another.

Unlike existing hardware-based solutions that facilitate
end-to-end trust, the trust enabling device disclosed herein
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provides interoperability and support for end-to-end trust in
existing computing infrastructures. Whereas existing com-
mercially available technologies likely necessitate replace-
ment of hardware and software, the trust enabling device
works with existing systems to provide the hardware required
to facilitate end-to-end trust. Furthermore, the trust enabling
device disclosed herein may interoperate with H-DRTM
solutions, providing a means for migrating existing networks
gradually from an H-DRTM approach to one that utilizes the
trust enabling device.

Aspects of the present invention advantageously facilitate,
as examples: (i) determining whether a system is in good
standing (i.e. whether system software has been modified);
(i) determining whether a system is trustworthy (proofthat a
system is executing trusted software); (iii) determining the
authenticity of a system’s hardware; (iv) identifying a system
(e.g. the system’s location, and/or components); (v) commu-
nicating and evaluating trust messages from one system to
another; (vi) providing legacy systems with hardware enabled
trust facilities; and (vii) interoperation with existing
H-DRTM technologies to provide a cost effective method for
critical infrastructure migration.

As will be appreciated by one skilled in the art, aspects of
the present invention may be embodied as a system, method
or computer program product. Accordingly, aspects of the
present invention may take the form of an entirely hardware
embodiment, an entirely software embodiment (including
firmware, resident software, micro-code, etc.) or an embodi-
ment combining software and hardware aspects that may all
generally be referred to herein as a “circuit,” “module” or
“system.” Furthermore, aspects of the present invention may
take the form of a computer program product embodied in one
or more computer readable medium(s) having computer read-
able program code embodied thereon.

Any combination of one or more computer readable medi-
um(s) may be utilized. The computer readable medium may
be a computer readable storage medium. A computer readable
storage medium may be, for example, but not limited to, an
electronic, magnetic, optical, or semiconductor system, appa-
ratus, or device, or any suitable combination of the foregoing.
More specific examples (a non-exhaustive list) of the com-
puter readable storage medium include the following: an
electrical connection having one or more wires, a portable
computer diskette, a hard disk, a random access memory
(RAM), a read-only memory (ROM), an erasable program-
mable read-only memory (EPROM or Flash memory), an
optical fiber, a portable compact disc read-only memory (CD-
ROM), an optical storage device, a magnetic storage device,
orany suitable combination of the foregoing. In the context of
this document, a computer readable storage medium may be
any tangible medium that can contain or store a program for
use by or in connection with an instruction execution system,
apparatus, or device.

Program code embodied on a computer readable medium
may be transmitted using any appropriate medium, including
but not limited to wireless, wireline, optical fiber cable, RF,
etc., or any suitable combination of the foregoing.

Computer program code for carrying out operations for
aspects of the present invention may be written in any com-
bination of one or more programming languages, including
an object oriented programming language such as Java,
Smalltalk, C++ or the like and conventional procedural pro-
gramming languages, such as the “C” programming language
or similar programming languages. The program code may
execute entirely on the user’s computer, partly on the user’s
computer, as a stand-alone software package, partly on the
user’s computer and partly on a remote computer or entirely
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on the remote computer or server. In the latter scenario, the
remote computer may be connected to the user’s computer
through any type of network, including a local area network
(LAN) or a wide area network (WAN), or the connection may
be made to an external computer (for example, through the
Internet using an Internet Service Provider).

Referring now to FIG. 6, in one example, a computer
program product 600 includes, for instance, one or more
computer readable media 602 to store computer readable
program code means or logic 604 thercon to provide and
facilitate one or more aspects of the present invention.

Aspects of the present invention are described herein with
reference to flowchart illustrations and/or block diagrams of
methods, apparatus (systems) and computer program prod-
ucts according to embodiments of the invention. It will be
understood that each block of the flowchart illustrations and/
or block diagrams, and combinations of blocks in the flow-
chart illustrations and/or block diagrams, can be imple-
mented by computer program instructions.

These computer program instructions may be provided to a
processor of a general purpose computer, special purpose
computer, or other programmable data processing apparatus
to produce a machine, such that the instructions, which
execute via the processor of the computer or other program-
mable data processing apparatus, create means for imple-
menting the functions/acts specified in the flowchart and/or
block diagram block or blocks.

These computer program instructions may also be stored in
a computer readable medium that can direct a computer, other
programmable data processing apparatus, or other devices to
function in a particular manner, such that the instructions
stored in the computer readable medium produce an article of
manufacture including instructions which implement the
function/act specified in the flowchart and/or block diagram
block or blocks.

The computer program instructions may also be loaded
onto a computer, other programmable data processing appa-
ratus, or other devices to cause a series of operational steps to
be performed on the computer, other programmable appara-
tus or other devices to produce a computer implemented
process such that the instructions which execute on the com-
puter or other programmable apparatus provide processes for
implementing the functions/acts specified in the flowchart
and/or block diagram block or blocks.

The flowchart and block diagrams in the Figures illustrate
the architecture, functionality, and operation of possible
implementations of systems, methods and computer program
products according to various embodiments of the present
invention. In this regard, each block in the flowchart or block
diagrams may represent a module, segment, or portion of
code, which comprises one or more executable instructions
for implementing the specified logical function(s). It should
also be noted that, in some alternative implementations, the
functions noted in the block may occur out of the order noted
in the figures. For example, two blocks shown in succession
may, in fact, be executed substantially concurrently, or the
blocks may sometimes be executed in the reverse order,
depending upon the functionality involved. It will also be
noted that each block of the block diagrams and/or flowchart
illustration, and combinations of blocks in the block diagrams
and/or flowchart illustration, can be implemented by special
purpose hardware-based systems that perform the specified
functions or acts, or combinations of special purpose hard-
ware and computer instructions.

Further, a data processing system suitable for storing and/
or executing program code is usable that includes at least one
processor coupled directly or indirectly to memory elements






