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Preface

The third Financial Cryptography conference was held in February 1999,
once again at Anguilla in the British West Indies. The number of attendees
continues to increase from year to year, as do the number and quality of the
technical submissions.

The Program Committee did a great job selecting the technical program.
I thank them for all of their effort’s. We were helped by a number of outside
reviewers, including Martin Abadi, Gerrit Bleumer, Drew Dean, Anand Desai,
Mariusz Jakubowski, Andrew Odlyzko, David Pointcheval, Guillaume Poupard,
Zulfikar Ramzan, Aleta Ricciardi, Dan Simon, Jessica Staddon, Venkie Venkate-
san, Avishai Wool, and Francis Zane. I apologize for any omissions.

Adi Shamir gave an excellent invited talk that forecast the future of cryptog-
raphy and electronic commerce. On-line certificate revocation was the subject
of a panel led by Michael Myers, following up on the success of his panel on the
same topic at last year’s conference. Joan Feigenbaum moderated a lively panel
on fair use, intellectual property, and the information economy, and I thank her
for pulling together from that discussion a paper for these proceedings. A suc-
cessful Rump Session allowed participants to present new results in an informal
setting, superbly chaired by Avi Rubin.

A pre-proceedings, containing earlier versions of the accepted papers, was
distributed at the conference. The pre-proceedings were produced on the Xe-
rox DocuPrint 180 NPS printer, at an amazing 180 pages per minute. Special
thanks to Russ Atkinson for teaching me its care and feeding. Final versions
were prepared by the authors shortly after the conference, and are included in
this volume without further review.

I thank everyone who contributed to the successful organization of the con-
ference. In particular, I would like to thank Vince Cate for another outstanding
job with the local arrangements, and Ray Hirschfeld for invaluable advice and
support. My colleagues at Xerox PARC also helped in many ways. Lastly, I would
like to thank all of the authors for making this conference and these proceedings
possible.

May 1999 Matt Franklin
FC99 Program Chair
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the PalmPilot
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Abstract. This paper describes our experience with implementing an
electronic payment system for the PalmPilot. Although Palm OS lacks
support for many desired security features, we are able to build a system
suitable for small payments. We discuss the advantages and disadvan-
tages of using a PDA to make secure payments as opposed to using a
smartcard or a desktop PC. In addition, we describe the engineering of
PDA-PayWord, our implementation of a commerce protocol that takes
advantage of both elliptic curve and RSA public key cryptography to
support payments efficiently on PDAs with limited processing capability.

Keywords: electronic commerce, personal digital assistants, PalmPilot,
digital wallet, electronic payment systems.

1 Introduction

The explosive growth of the market for Personal Digital Assistants (PDA’s) has
led to a wealth of new applications for them. In this paper, we experiment
with electronic commerce for PDA’s. Our motivation is clear: since consumers
are already carrying digital assistants, why not use them for payments? For
example, one could walk up to a vending machine, connect the PDA to the
machine via the infrared link and make a purchase. One application of our system
does just that (see Section 4.2). One may wonder whether electronic commerce on
a PDA is any different than electronic commerce using other digital devices such
as smartcards or desktops. The answer is simple — PDA’s are a middle ground
between smartcards and desktops. They posses advantages and disadvantages
over both. As a result, payment schemes and electronic commerce applications
need to be fine tuned to properly execute on a PDA.

When compared with smartcards, PDA’s appear to be at a disadvantage: (1)
they are not tamper resistant, (2) unlike many smartcards they are not equipped
with cryptographic accelerators, and (3) they do not have limited lifetime as
many smartcards do. These features (especially tamper resistance) are helpful

M. Franklin (Ed.): FC’99, LNCS 1648, pp. 1-16, 1999.
© Springer-Verlag Berlin Heidelberg 1999



2 Neil Daswani and Dan Boneh

in simplifying real world payment schemes. On the other hand, PDA’s have sev-
eral advantages over common smartcards. First and foremost, they have a direct
line of communication with the user. Common smartcards can only interact
with the user through an untrusted reader. In addition, unlike smartcards, PDA’s
have a reasonable (yet limited) amount of non-volatile memory'. Consequently,
they can store a longer transaction log. PDA’s are also better at general purpose
computations; for example, computations that take place during protocol nego-
tiation. We note that when comparing smartcards and PDA’s, the issue of unit
cost is irrelevant — PDA’s may become just as widely deployed as smartcards.

When compared with desktops, PDA’s appear to be at a disadvantage once
again. Due to their limited memory capacity, they can only store a limited
amount of financial instrument data, and a limited number of transaction cer-
tificates. Similarly, due to their limited computing power they cannot engage
in complicated cryptographic protocols. An intensive protocol such as SET [23]
may take too long to execute on a PDA. On the other hand, PDA’s are portable
and can be used in many environments where a desktop is not available.

The above discussion explains why many existing payment systems cannot
simply be ported to a PDA. One must design the system keeping in mind both the
limited security features and the limited computation resources. In this paper,
we describe our experience with building a payment system for 3Com’s popular
PalmPilot [1]. Our system is designed to be portable, and the lessons we learned
apply to other PDA’s, e.g. ones based on Windows CE. Our choice for using the
PalmPilot is due its current dominance of the PDA market. We note that existing
financial applications [9] for the PalmPilot enable one to keep track of spending,
but none provide a payment scheme.

To implement an electronic commerce system one must start with a basic
framework for making payments. Our starting point is a generic wallet architec-
ture that we had previously designed [7]. We briefly review the wallet architecture
in Section 1.2. We stress that the wallet only provides the skeleton for this work.
Our main focus is the design of payment components that can be adequately
used on a PDA. We describe these in Section 3. The system implementation de-
tails are presented in Section 4, where we also describe our first vendor: the Pony
Vending Machine. We begin by describing the (lack of) security features on the
PalmPilot.

1.1 Existing PalmPilot Security Features

All data on the PalmPilot is stored in either ROM or RAM. The PalmPilot does
not have a disk drive or any other form of persistent memory. The RAM on the
PalmPilot is divided into dynamic and storage memory. Dynamic memory is used
as working space. It holds the program stack and other short term data. On the

! The PalmPilot IIIx comes with four megabytes of RAM. A Windows CE machine
typically has four to eight Megabytes. We note that most memory on a PDA is
devoted to applications such as an appointment book. A commerce application can
only use a small portion of the memory on the device.
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other hand, storage memory is non-volatile and plays the role of a disk drive on
desktops. Databases in the storage RAM are the equivalent of files on a disk drive.
A database on the PalmPilot is made up of a sequence of records. Database access
on the PalmPilot is somewhat different than a traditional operating system. In
traditional systems, a file is read into memory before data stored in it can be
accessed or modified. On the PalmPilot, database records are always in memory.
There is no need to move them into dynamic storage to operate on them. They
can be edited in place.

Unfortunately, Palm OS provides very little support for access control. Al-
though databases have a creator ID associated with them, the operating system
does not prevent an application from opening a database that does not belong to
it. Consequently, malicious applications can easily tamper with sensitive data on
the PalmPilot. Individual records in databases have a “secret” attribute associ-
ated with them. However, the core OS only views this attribute as a suggestion.
There is nothing preventing an application from gaining access to records marked
secret. Essentially, the secret attribute tells the application not to display these
records unless the user types in a password. The application itself is not pre-
vented from processing records marked secret. It is a bit surprising that although
the OS provides a facility for requesting the user to enter a password, it does
not provide any support for encrypting data using the password.

The lack of support for access control has prompted a number of developers
to attempt to remedy the situation [22]. A number of shareware applications for
the PalmPilot enable the user to store data in an encrypted database. This is
especially useful when using the PalmPilot to store sensitive information such
as PIN’s and login passwords. Unfortunately, at the moment these applications
use weak encryption. We note that Ian Goldberg [11] ported to the PalmPilot
the cryptography-related parts of Eric Yung’s SSLeay library. We make use of
this port in our protocols.

To summarize, access control on the PalmPilot is poor. The operating system
does not enforce access control and there is no support for privacy via encryption.
This is very different than a typical smartcard operating system where there is
a clear partitioning of memory between applications. We hope future versions
of the PalmPilot will pay more attention to security issues. This is likely to be
the case as indicated by the recent collaboration between Certicom and 3Com.
Certicom is integrating its elliptic curve encryption technology into Palm OS.
Finally, we note that things appear to be better on Windows CE, where some
support for access control is provided by the operating system.

1.2 A Brief Review of SWAPEROO: The Simple Wallet
Architecture for Payments, Exchanges, Refunds, and Other
Operations

The starting point for our payment system is a generic wallet architecture that
can accommodate multiple payment protocols and multiple financial instru-
ments. The wallet provides the groundwork for us to build on. Since it is not the
focus of this paper, we only give a high level overview. Details of the architecture
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are given in [7]. The overview is necessary to understand how the various pay-
ment components described in Section 2 and 3 fit together. The wallet design is
based on four principles: (1) extensible, it is relatively easy to add new types of
financial instruments and payment protocols; (2) non-web-centric, does not rely
on web based protocols; (3) symmetric, we use similar software API’s on both
the user and vendor sides; (4) client-driven, all wallet operations are initiated
by the client, not the vendor.

Both the user and vendor make use of the same wallet architecture. The user
wallet is part of a larger user application. Similarly, the vendor wallet is part of
a larger vendor application. Once the user and vendor applications agree on a
certain payment operation (e.g. purchase item #3, or refund 5$) the wallet con-
trollers on both sides take control to execute the transaction. The first thing they
do is determine the common financial instruments they support. For example,
the user wallet may contain CyberCash coins [6], Millicent scrips [17] and a Visa
credit card. The vendor may only accept credit cards and CyberCash coins. The
common instruments are the credit card and CyberCash coins, in which case,
the user is asked to choose which instrument to use.

Once the financial instrument is chosen, the user and vendor wallet controllers
negotiate the payment protocol. Indeed, multiple protocols can be used to make
payments with a particular financial instrument. For example, when paying with
a credit card one could use SET [23], although other protocols may be used as
well. This protocol negotiation is transparent to the user. Once the two agree on
a common protocol, the protocol is activated to execute the transaction.

To carry out the above interaction, the wallet architecture provides con-
trollers for manipulating financial instruments and applying protocols to them.
The wallet is made up of a Protocol Manager (PM), an Instrument Manager
(IM), a Wallet Controller (WC), and a User Profile Manager (UPM). A Commu-
nication Manager handles low level communication. Once our wallet architecture
was successfully ported to the PDA, we were free to concentrate on the design of
financial instruments and payment protocols to be used.

2 Electronic Commerce for a PDA

If PDA’s are to be used for digital payments, they will most likely be restricted
to small payments (i.e. transactions under 103). For larger payments one may
wish to rely on stronger security properties. Our hope is that PDA’s may be used
in both local and remote payment transactions. For local transactions, a user
may walk into a shop, place the PalmPilot in the vendor’s cradle (or use the
infrared port) and make a payment. For remote transactions, one may connect
the PDA to the Internet (using a PDA modem or by using a desktop as a gateway).
The two modes are different: for local transactions there is no need to encrypt
communication on the wire. For remote transactions, one must first establish a
secure link to the vendor. Throughout the discussion in this section we do not
distinguish between the two modes. At the moment, our implementation only
supports local transactions that do not require link encryption.
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2.1 Performance of Cryptographic Primitives on the PalmPilot

We provide timing measurements for cryptographic primitives running on the
PalmPilot?. These timing measurements help determine if a payment scheme is
feasible for the PalmPilot or if it is too complex. The PalmPilot Professional
runs on a Motorola DragonBall chip (68K family) at 16MHz. The figures below
are given in milliseconds.

Algorithm Time Comment

DES encryption 4.9ms/block|4900ms for 1000 encryptions
SHA-1 2.7ms/block|2780ms for a 1000 long hash chain
512 bit RSA key generation 3.4 minutes

512 bit RSA sig. generation 7028 ms

512 bit RSA sig. verify 438 ms e=3

512 bit RSA sig. verify 1376 ms e = 65535

163 bit ECC-DSA key generation|597 ms

163 bit ECC-DSA sig. generation|776 ms

163 bit ECC-DSA sig. verify 2448 ms

Table 1. Timing measurements for cryptographic primitives on the PalmPilot

We first note that generating RSA key pairs is very expensive on the PalmPi-
lot. To generate a 512-bit RSA key pair, three to four minutes of pure compu-
tation time is required of the CPU. In addition to inconveniencing the user at
wallet setup time, RSA key pair generation drains the PalmPilot’s batteries. One
may argue that the key pair could be generated on a desktop and downloaded
to the PalmPilot, but this limits mobility since setup must take place on the
user’s PC. If 1024-bit keys are to be generated on the PalmPilot, approximately
20 minutes of pure computation would be required. On the other hand, elliptic
curve key pair generation is about two orders of magnitude faster.

As might be expected, DES encryption and SHA-1 hashing are relatively fast
as compared with signatures. This suggests that an efficient implementation of a
payment protocol for a PDA-based platform should attempt to take advantage
of these operations in favor of signatures as much as possible.

RSA signature generation is somewhat slow, taking approximately seven sec-
onds. Our payment protocols take about 900ms seconds when stripped of the
cryptography. Hence, RSA signature generation time is significant in comparison
to the entire transaction time.

Our choice of using 512 bits RSA, rather than 1024, is due to the fact that
our application is targeted towards small payments. For small payments, 512
bits may provide adequate security.

2 The performance figures for DES, SHA-1, and RSA operations were obtained using
Tan Goldberg’s port of SSLeay. The figures for ECC operations were obtained using
Certicom’s Security Builder SDK Release 2.1
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The figures for 163-bit ECC-DSA key generation and signature generation
are considerably more efficient than the corresponding 512-bit RSA operations.
This suggests that ECC-based key generation and signatures are more feasible
for use in commerce protocols on the PalmPilot. ECC-based verification does,
however, take about 40 percent longer than RSA-based verification.

To summarize, there exists an asymmetry between the performance of RSA
and ECC operations. We would like our payment protocols to be as fast as
possible, and both signature generation and verifications may be necessary parts
of the protocols. If we need to generate signatures on the PalmPilot, we would
like to generate ECC-based signatures, since ECC-based signature generation is
faster than RSA signature generation. On the other hand, if we need to verify
signatures on the PalmPilot, we would like to use RSA since RSA signature
verification is faster than ECC-based signature verification. We discuss how our
payment protocols take advantage of this asymmetry in Section 3.2.

2.2 Authentication

Common smart cards do not have any means of directly communicating with
their owner. They must do so through an untrusted card reader. As a result, it
is difficult for the owner to authenticate herself to the card. Often, smartcards
require the owner to enter a password. However, there is nothing preventing
the machine operating the card reader from recording and replaying the pass-
word [10]. The smartcard cannot use challenge-response authentication since
humans are incapable of participating in such protocols.

On the other hand, a PDA has a direct line of communication with its owner.
Before executing a transaction, the wallet controller prompts the user for a pass-
word. This password is used for two purposes: first, it authenticates the owner
to the PDA. Second, as we shall see in the next section, we use the password to
decrypt specific instrument data. Note that the user is prompted for a password
only once a transaction is about to take place. Prior to this, the PDA may freely
communicate with the vendor.

Unfortunately, entering a password on the PalmPilot is somewhat painful.
Clearly, it is desirable to enter the password in no-echo mode. However, since
characters are entered using error prone Graffiti, no-echo makes it hard to cor-
rectly enter the password. We note that the standard security utility on the
PalmPilot prompts the user to enter a password in full echo mode!

2.3 Memory Management and Backups

Since Palm OS provides very limited access control, one must ensure that ma-
licious applications do not have access to private financial information. They
must also be prevented from tampering with such data. Our solution is to store
all instrument data in encrypted form. This is automatically done by the In-
strument Manager [7]. Encryption is done using the user’s password which must
be entered in order to initiate a transaction. We also append a cryptographic
checksum to ensure data integrity.
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Nevertheless, malicious applications can delete encrypted instrument data
blocks due to the lack of access control in PalmOS. There is no way to prevent
this other than to rely on a backup copy stored on a desktop PC. The Hot-
Sync Manager application distributed with the PalmPilot automatically backs-
up these databases. In the case that the wallet application discovers corrupted
data, it may ask the user to perform a HotSync with the desktop. Of course,
care must be taken to ensure that already spent digital cash is not doubly spent
after the backup process.

3 PDA-PayWord: A Payment Scheme Optimized for a
PDA

The lack of tamper resistance on a PDA is unfortunate, although not fatal. Tam-
per resistance on smartcards can simplify payment protocols such as those used
in stored value techniques (see e.g. Mondex [18]). However, one must keep in
mind that tamper resistance is not impenetrable (see [3]). As a result, payment
schemes on smartcards must also have some mechanisms in place to discourage
tampering. Here, a PDA has an advantage over a smartcard: it has more memory
and processing power, and can incorporate stronger mechanisms to discourage
tampering. We chose to avoid stored value techniques and instead focused on a
hash-chain-based digital cash scheme based on PayWord [21]. PDA-PayWord is
our implementation of PayWord.

Hash-chain-based micropayment schemes have been studied extensively. The
idea of using hash chains to reduce the number of signature generations was inde-
pendently discovered by a number of groups. These include PayWord [21], Ped-
erson’s tick payments [19], micro-iKP [12] and NetCard [2]. Jutla and Yung [14]
study a variation where hash trees are used rather than chains. Hash chains are
based on a technique due to Lamport [15].

Since we wish to focus on the PalmPilot (user) to vendor interaction (rather
than vendor to bank), we allow the bank and vendor to reside on the same
machine. This tight coupling between the vendor and bank can be broken at any
point in the future.

3.1 Overview of PDA-PayWord

This section contains a high-level overview of PDA-PayWord. A discussion of the
design trade-offs involved in PDA-PayWord is given in the next section, and a
detailed discussion of our PalmPilot implementation can be found in Section 4.3.

pPDA-PayWord is a pre-pay, vendor-specific variant of a hash chain system.
To setup a chain of coins the PalmPilot generates Y; = h(*)(Y) where h(*)
denotes a repeated iteration of a hash function (we use SHA-1). Y; is kept on
the PalmPilot as part of a hash chain instrument. The PalmPilot sends Yy, k, d to
the bank. The bank returns a hash chain certificate containing Yy, k, d, a vendor-
id, an expiration date, and a signature of the certificate using the bank’s private
key. k is the pre-paid height of the hash chain and d is the denomination of each
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Y;. To spend the ith coin when Y;_; was the last coin spent, the PalmPilot sends
Yi—j—i = h*=370(Yy), i, and the hash chain certificate to the vendor. Initially
j = 0, and ¢ = 1. Recall, these are vendor specific chains and the vendor can
verify that the PalmPilot is not double-spending or over-spending.

3.2 Discussion of pDA-PayWord Design Choices

As described in [21], PayWord was designed to amortize the cost of signatures
across multiple purchases and minimize on-line communication. In addition to
these goals, PDA-PayWord: 1) minimizes the number of and time spent exe-
cuting cryptographic operations on the user’s wallet, and 2) minimizes storage
requirements for the hash chain instrument on the user’s wallet.

In PDA-Payword, the user’s wallet must first generate a hash chain instrument
and obtain a hash chain certificate from the bank that binds the “coins” in the
hash chain to real value. In this withdrawal phase of the protocol, the user’s
wallet sends Yy, k and d to the bank to request a withdrawal of k % d dollars.
The bank needs to ensure that the request is being made by the user herself, and
therefore PDA-Payword requires that this widthdrawal request be signed. Since
this signature needs to take place on the PalmPilot, the withdrawal request
is signed using an ECC-DSA signature (as opposed to an RSA signature) to
minimize the signature generation time. (Recall that from Table 1, ECC-DSA
signature generation takes 776ms on average, while RSA signature generation
takes over 7000ms.)

After the bank receives the withdrawal request and verifies the user’s signa-
ture, the bank then generates a hash chain certificate, signs it, and sends it to the
user’s wallet. The user’s wallet then needs to verify that the bank’s signature
on the certificate is authentic. This verification takes place on the PalmPilot,
and we would like the verification to be as efficient as possible. As such, in PDA-
PayWord, the bank signs the hash chain certificate using a RSA signature (as
opposed to an ECC signature) since RSA verification is more efficient on the
PalmPilot than ECC-DSA signature verification. By taking advantage of the
asymmetery between the performance of RSA and ECC signature and verifica-
tion times, we are able to minimize the amount of time spent on the PalmPilot
executing cryptographic operations.

To achieve our second goal of minimizing storage requirements, PDA-PayWord
only stores Yy as part of the instrument data in the user’s wallet, rather than the
entire hash chain. The chain is recomputed for every purchase transaction. This
is done to save storage space on the PalmPilot, and incurs minimal cost since
hashing on the PalmPilot is sufficiently fast. On a smartcard, one might have to
store every ¢th payword along the hash chain since hashing may not be as quick.
Of course, a PalmPilot could also take advantage of this technique to reduce
the time spent hashing if the user decides to give the wallet more memory in
which to run. In our implementation, we conservatively assumed the user would
not want the wallet to use more than the minimal amount of storage necessary.
Also, thanks to its speed, the PalmPilot can manage longer hash chains than a
smartcard.
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4 System Design

We briefly summarize some of our design choices. We demonstrate the user
interface as well as explain the internal implementation of the various protocols
involved. In Section 4.2, we describe our first vendor, a vending machine in our

building.

4.1 Wallet Design & Implementation

Our SWAPEROO-based implementation consisted of a digital wallet application
written in C++ for the PalmPilot, and a Java implementation of the vendor
application. Timing measurements were obtained by running the user’s wallet
on a PalmPilot III with 2MB of RAM. The PalmPilot III runs on a Motorola
DragonBall chip at 16MHz. The bank/vendor application runs on a 300 MHz
Pentium PC with 64MB of RAM.

Communication between the PalmPilot and the PC was conducted using
TCP/IP over a serial RS232 communications channel.

User Interface The user interface is a collection of forms running on the
PalmPilot. When interacting with the vendor, they guide the user through the
choice of available items for sale. The user chooses an item and is then asked
to choose the payment method, i.e. the payment instrument to be used for the
purchase. Once the instrument is selected, the appropriate purchase protocol is
activated. As a first step, the user is asked to enter a password to decrypt the
instrument data.

A subset of the forms guiding to the user through its interaction with the
vendor are presented in Figure 1°.

Product negotiation We implemented a simple protocol enabling a vendor to
download a set of items along with their prices onto the PalmPilot. This protocol
is used to convey the customer’s choice back to the vendor. Once the required
item is agreed upon by both parties the wallet controllers on both the vendor
and client take control and execute the transaction.

Instrument and Protocol Negotiation Instrument negotiation is done by
computing the intersection of available instrument types on the vendor and the
customer wallets. The set of instruments in the intersection is presented to the
user who chooses one of them. We hope the list of available instruments will
increase over time. Once the transaction is initiated, the two parties negotiate
which protocol is to be used to carry out the transaction (for a given payment
instrument there may be multiple protocols offering different levels of efficiency
and security). Protocol negotiation is done via a Protocol Negotiation Protocol
(PNP) as explained in [7].

3 These figures were produced by taking a snapshot of our wallet application running
under the copilot emulator.
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Fig. 1. Example interaction with the vendor. The left form displays available
items for sale. The right displays the user’s choice and the list of available pay-
ment instruments. The textual description of items will eventually be replaced
by icons.

Instrument Storage on the PalmPilot Instruments carry some financial
information with them. For example, in the case of a PDA-PayWord instrument,
the data includes the bottom end of the hash chain, the current position on the
hash chain to be spent, and other parameters as well. Each of our instruments
is implemented as an encrypted database on the PalmPilot. This data resides in
non-volatile memory and is backed up to the desktop during a HotSync.

Link Encryption At the moment the implementation assumes all transactions
are local, i.e. the PalmPilot is placed into the vendor’s cradle. The PalmPilot
does not establish a secure link to the vendor since there is little concern that a
direct line between the PalmPilot and vendor can be tapped.

4.2 The Pony Vending Machine

The Pony vending machine* supports an interface through a proprietary con-
nection. We were able to interface with it and send it commands through a

4 The Pony (short for Prancing Pony) is a vending machine on the fourth floor of the
Gates Computer Science Building on the Stanford campus. Similar to the Prancing
Pony in J.R.R. Tolkien’s “The Fellowship of the Rings,” the Pony vending machine
is a common place which those in need of nourishment may go to.
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laptop-PC which serves as a proxy to it. The laptop-PC runs the vendor ap-
plication, and may issue commands to the Pony vending machine through its
proprietary interface. The digital wallet application running on the PalmPilot
connects to the vendor application running on the laptop-PC.

When the PalmPilot connects to the Pony-Vendor (the laptop-PC), the user
can choose from a list of available products. The set of available products is
downloaded onto the PalmPilot as soon as the connection is set up. The user
then tells the PalmPilot directly which item to purchase and which instrument
to use for payment. The PalmPilot then initiates a purchase protocol with the
Pony-Vendor. Once the appropriate funds are transfered to the Pony-Vendor it
instructs the Pony-vending machine to dispense the required item. The connec-
tion is then closed and the Pony-Vendor is ready to service the next customer.

4.3 pDA-PayWord Implementation Details

Withdrawal Protocol Before being able to make purchases from the vendor,
the user must first make a “withdrawal” from the bank. In our current system,
the user takes her PalmPilot to a bank teller and inserts it into a cradle attached
to the bank teller’'s computer. The user authenticates herself by entering her
password. The user then enters the withdrawal amount on the PalmPilot, and the
PalmPilot generates a hash chain instrument. It then executes the withdrawal
protocol. Since our implementation uses 5-cent denominations (d = 5), the wallet
divides the withdrawal amount by 5, yielding the hash chain size, k. The wallet
then constructs a hash chain instrument by generating Yy ... Y. Average hash
chain generation times for various dollar amounts using our 5-cent denomination
hash chain instrument are shown in Table 2.

Amount ($)|Hash Chain Size (words)|Average time (ms)
5 100 504
10 200 896
20 400 1667
50 1000 3970

Table 2. Average Hash Chain Generation Timing Results

For amounts up to $10, a single 5-cent denomination hash chain instrument
might provide acceptable performance on the PalmPilot; for larger amounts,
using multiple hash-chains with larger denominations might be necessary to
achieve acceptable performance.

The user’s wallet then kicks off the withdrawal protocol by sending a signed
withdrawal request to the bank. The user’s password is used to decrypt her private
key, and the private key is used to sign the withdrawal request. For efficiency,
an ECC-DSA signature is used to sign the withdrawal request. The withdrawal
request is shown in Table 3.
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field:||Yx |k|d
byte-length:|(|20|2|2

Table 3. Withdrawal Request Message Format

The bank receives the withdrawal request, and verifies the signature on the
request. The bank then either deducts the withdrawal amount (k * d) from the
user’s “bank account,” or the user gives the bank teller the amount in physical
currency. If the user has the appropriate funds in her account, or gives the
bank teller the appropriate amount in non-counterfeit currency, the bank teller
approves the transaction. Upon approval, a hash chain certificate is sent to the
user’s wallet and stored in the user’s hash chain instrument. Note that the user’s
hash chain instrument has no value without a signed hash chain certificate. The
hash chain certificate is also stored on the vendor’s wallet in a vendor-side hash
chain instrument that can be quickly looked up during execution of the purchase
protocol. The vendor-side hash chain instrument also stores the last Y; spent by
the user. (In the case that the bank teller does not approve the transaction, an
error message is sent to the user’s wallet.)

Generation of the hash chain certificate requires the bank to generate a sig-
nature, and an RSA signature is used to sign the hash chain certificate in PDA-
Payword (as explained in Section 3.2); note that this task takes place on the
bank-PC. The PalmPilot verifies the bank’s signature, but does not need to gen-
erate a signature itself. The signature generation time for our 300 MHz Pentium
bank-PC was 170ms on average. The total time for the PalmPilot to generate
and sign the withdrawal request, send it to the bank, and receive a hash chain
certificate in response was 1874ms on the average.

field:||d|k|vid|Yk|sno sublen| subject | elen| expdate siglen| sig
byte-length:(|12| 1 [20| 4 2 |variable 2 |variable| 2 |variable

Table 4. Hash Chain Certificate Format

A hash chain certificate is shown in Table 4. Many of the fields in the hash
chain certificate have already been described, but a brief explanation of all of
them can be found in Table 5.

Using 512-bit RSA signatures on a 20-byte message digest of the certificate,
the average length of the entire hash chain certificate is 358 bytes. (The length of
a 512-bit RSA hash chain certificate can vary because of the variable subject and
expiration date fields.) The bulk of the certificate is made up of the signature
field, which is 302 bytes. Although a 512-bit RSA signature on a 20 byte message
digest is only 64 bytes, the signature field also contains the bank’s public key
which can be used to verify the signature (81 bytes), and a public key certificate
(151 bytes) signed by the certificate authority that can be used to verify the
bank’s public key. The CA’s public key is hard coded in the wallet application.
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d denomination

k hash chain size

vid unique vendor identification number
Y top word of hash chain

sno unique serial number of this certificate

sublen |length of variable subject field

subject | “subject” of this certificate. currently used to store a comment.
elen  |length of variable expiration date field

expdateltext representation of expiration date in “UNIX” format

siglen |length of variable signature field

stg RSA signature of SHA-1 message digest of this certificate

Table 5. Description of Hash Chain Certificate Fields

Once the hash chain certificate is received by the user’s wallet, the wallet
verifies the hash chain certificate. Verification of the hash chain certificate took
approximately 1008ms in our implementation. Note that two RSA verifications
are necessary to check that a hash chain certificate is authentic: one verification
using the bank’s public key to check the signature on the certificate, and one
verification using the CA’s public key to check the signature on the bank’s public
key certificate. The RSA verifications take about 438ms each (for e=3), and
hence a total hash chain certificate verification time of 1008ms is reasonable.

If verification of the hash chain certificate is successful, the certificate becomes
part of the user’s hash chain instrument. (If the hash chain certificate does not
verify, an error message is displayed, and the user should demand her money
back!)

To summarize, the key components contributing to the total transaction time
of the withdrawal protocol are 1) hashing required to construct the instrument,
2) ECC-DSA signature of the withdrawal request, 3) communication overhead
between the PalmPilot and the bank, and 4) verification of the hash chain cer-
tificate. The time reqiured for (1) is shown in Table 2, and is dependent upon
the amount and denomination being withdrawn. The time required for (2) and
(3) combined is approximately 1874ms, and the time required for (4) is approx-
imately 1008ms.

Hence, withdrawal times range from just under 3.5 seconds to just under 7
seconds for instrument amounts from 5$ to 50$. From a usability standpoint,
these withdrawal times would seem to be acceptable for most users. ®

Purchase Protocol Once the hash chain instrument’s construction is complete
by adding the hash chain certificate to it, a purchase may be accomplished by

® Indeed, for larger amounts, the instrument creation time becomes the dominating
factor and can be reduced by using larger denomination coins (choosing a larger value
for d). Using multiple hash chains, each with a different d, can also be employed to
reduce the amount of hashing necessary, but would necessitate the verification of
multiple hash chain certificates.
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having the user’s wallet send a purchase request to the vendor application. If
the user has already spent j hash words, then to spend the next ¢ words, the
user’s wallet sends the purchase request message shown in Table 6 to the vendor
application.

field:||Yi—;—i|% hash—cham—certiﬁcate|
byte-length:|| 20 |2 variable |

Table 6. Purchase Request Message Format

The number of hash words to spend, i = price/d, is determined based on
the price of the product the user wishes to buy and the denomination of the
hash chain instrument. Since the hash chain instrument on the user’s wallet
only stores Yy, the user’s wallet needs to compute k — j — ¢ hashes to construct
the purchase request message.

instrument amount($)|hash iterations required (words)|transaction time(ms)
5 70 1090
10 170 1467
20 370 2267
50 970 4580

Table 7. Purchase Transaction Times

After the vendor wallet receives the purchase request, it retrieves the corre-
sponding vendor hash chain instrument from its Instrument Manager and checks
that h(i)(Yk_j_i) is equal to the Yj_; that it had stored after the instrument’s
last use. Note that the first time the instrument is used, ;7 = 0 and the vendor
wallet checks that h(i)(Yk_i) = Y}. The vendor wallet also checks the validity of
the hash chain certificate that is presented in the purchase request, and if the
certificate is valid, the vendor wallet stores Yj,_;_; in its vendor-side hash chain
instrument and sends back “OK” as the purchase response. If any of the above
checks fail, an “ERROR” purchase response is sent back to the user wallet.

Purchase protocol timing measurements to do a first-time $1.50 buy with 5-
cent denomination hash chain instruments of varying initial sizes are presented
in Table 7.

5 Summary and Conclusions

Our experiments show that a PDA may be viewed as a portable commerce device
without tamper resistance that is suitable for small payments. PDAs are compu-
tationally more powerful than smartcards. However, since they do not contain
cryptographic accelerators certain operations take longer, and the performance
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of cryptographic primitives need to be taken into account when designing com-
merce protocols for PDA’s. For instance, RSA signature generation is slow, while
RSA verification is fast. On the other hand, ECC-based signature generation is
fast while verification is slow.

In conclusion, commerce protocols can be implemented to perform transac-
tions efficiently on a PDA platform. PDA-PayWord is an example of an implemen-
tation of a commerce protocol that is designed to achieve acceptable performance
on a PDA by taking advantage of the performance characteristics of both RSA
and elliptic curve cryptograpy on the PalmPilot.
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Abstract. We present and analyze the cryptographic techniques used
in the SET protocol to implement the blinding of credit card numbers in
SET certificates. This blinding is essential to protect credit card numbers
from eavesdroppers in the network, and even from some merchants, as
required by SET. Without these measures, bulk credit card information
could be easily collected thus significantly increasing the risk and amount
of credit card fraud.

We first present the security requirements from this blinding operation,
which include aspects of secrecy and fraud protection, then show a solu-
tion to the problem (implemented in SET) and analyze its security based
on well-defined cryptographic assumptions. Interestingly, we show that
the requirements for blinding in SET are equivalent to the requirements
of non-interactive commitment schemes in cryptography. Thus, our so-
lution for SET represents an efficient implementation of a commitment
function and as such may be suitable for use in other practical contexts
as well.

1 Introduction

The Secure Electronic Transactions (SET) protocol has been defined by Master-
Card and VISA, in joint work with other companies, to serve as the international
standard for credit card transactions over the Internet [1].

SET relies heavily on cryptography to mimic in the electronic world much of
the traditional (paper and phone based) credit card practices. In SET the tradi-
tional plastic card is replaced by a digital version in the form of a certificate, while
the cardholder’s hand-signature is replaced by a cryptographic digital signature.
The digital certificate is a binding (signed by a banking institution or some other
form of certification authority) between a credit card number and a public key.
The private key corresponding to this public key is kept secret by the cardholder
and used to sign payment requests (these electronic requests are digital versions
of today’s credit card paper slips). Thus SET includes two main cryptographic
components: certification management and payment protocol. The techniques
involved in this paper touch both aspects of SET.

M. Franklin (Ed.): FC’99, LNCS 1648, pp. 17-28, 1999.
© Springer-Verlag Berlin Heidelberg 1999
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1.1 Overview of SET

Here we provide a minimal overview of these components of SET as needed to
motivate the particular problem we solve, to establish the security requirements
for a solution, and to justify the soundness of the proposed solution. This de-
scription over-simplifies many of the details and system aspects of the protocol.
For a complete and accurate description of SET see [1].

Certification in SET involves the participation of the cardholder and an is-
suing bank (the latter can be thought of as the banking institution where the
cardholder maintains his account). Using special software, the cardholder! gen-
erates a pair of RSA private and public keys in her own computer (SET currently
supports RSA only). She then communicates with the bank to register this pub-
lic key and to receive a certificate signed by the bank and which includes the
cardholder’s account identifier (see below for more discussion about this account
identifier) and the registered public key.?

SET’s payment protocol is a three-party protocol designed to convey all the
payment and authorization information between customer, merchant and the
banking network. The ‘banking network’ is an existing (pre-Internet) infrastruc-
ture through which payment requests and authorizations are processed between
banking entities. A main requirement of SET is to leave this infrastructure un-
changed. Therefore, the “banking party” in SET is a payment gateway that
translates the electronic requests coming through the Internet (from merchants
and cardholders) into their traditional and existing format for processing by the
banks that manage cardholder accounts. In particular, the verification of certifi-
cates, digital signatures, etc. are performed by this gateway and not at the bank
where the actual cardholder’s account is held.

A basic run of SET’s payment protocol is initiated when a cardholder decides
to pay for a purchase using her credit card. (The “shopping session” preceding
this payment is out of the scope of SET; this shopping session can be carried
in a variety of ways such as over the Web, using an electronic catalog, by e-
mail, etc.) The cardholder then prepares a payment request to be sent to the
payment gateway which includes cardholder’s information as well as purchase
information such as time, merchant identity, amount of transaction, and a cryp-
tographic digest of the order details. This information, which can be thought of
as a “digital payment slip”, is encrypted under the payment gateway’s public
key and signed with the cardholder’s private signature key. The cardholder’s cer-
tificate is appended. The composed data is then sent to the merchant who, after
performing his own verification steps and adding other information, transmits
all the data to the payment gateway. The latter decrypts the cardholder’s slip,
verifies certificates and signatures, and creates a payment authorization request
that is sent to the cardholder’s bank for authorization (as said before, this later

! In our description, we usually do not explicitly distinguish between the human ac-
tions and computer actions related to the cardholder steps in the protocol.

2 We omit here any aspects of how this communication between bank and cardholder
is carried out as well as issues of global SET certification authorities that provide
certificates for issuing banks and merchants.
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part of the authorization process is identical to today’s credit card procedures).
When the bank returns a response to the payment gateway, the latter sends the
response (authorization or failure) to the merchant. This ends the core part of
the payment protocol.

For a more detailed, yet concise, presentation of the cryptographic design
principles underlying SET’s payment protocol see the :KP protocol [4], a pre-
cursor of SET.

1.2 Blinding of credit card numbers

A main aspect of the security of SET, and the main motivation for the tech-
niques presented in this paper, is the following. Cardholder certificates are sent
in the clear over the Internet during purchase and payment sessions. They are to
be seen by merchants and can be eavesdropped by anyone watching the network.
These certificates include as an essential part the cardholder’s account informa-
tion in the form of an “account identifier”. The natural value for this identifier
would have been the credit card number (which identifies the cardholder’s bank-
ing institution and specific account). However, it is a main requirement of SET
that credit card numbers are not exposed over the Internet and that they do
not even reach merchants in general®. Indeed, sending this information in the
clear is unacceptable in today’s credit card world. Collecting credit card num-
bers (possibly together with additional information about the cardholder) is a
main goal for attackers interested in committing credit card fraud. Assuming
huge volumes of SET transactions this risk would endanger the whole credit
card business. In particular, note that the protection of credit card account in-
formation from merchants is one of the main differentiations of SET from current
solutions, e.g based on SSL, that only protect the customer-merchant link.

It is clear, therefore, that the account identifier in the certificate cannot
be the credit card number itself. On the other hand, it is a must that this
identifier will be bound to the cardholder’s credit card number in order to identify
the right account to charge. To bridge over these conflicting requirements, SET
uses a “blinding” technique to produce a cardholder identity derived from the
credit card number and included in SET certificates. This identity, called “unique
cardholder identity” in SET, and denoted here by CID, uniquely identifies a
cardholder account to the payment gateway, but makes it impossible for any
other parties to relate it to (or derive from it) the actual credit card number.
This identity can be seen as an alias or pseudonym for the credit card number.
At time of payment the actual credit card number and information for binding
it to the CID are sent secretly (i.e., encrypted) by the cardholder to the payment
gateway.

This paper is mainly devoted to present the security requirements for this
blinding operation, and to present and analyze the specific solution developed

3 The protocol does allow for designated and specially authorized merchants to receive
this information from the payment gateway, but it discourages the dissemination
of this information for small or not well-established merchants in the net. Such
merchants could be created for the sole purpose of collecting credit card information.
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for SET. While the secrecy protection of credit card numbers via blinding is an
obvious requirement here, the relation of this technique to fraud protection is
less apparent. We expand on these requirements in Section 2.

1.3 Commitment schemes

One of the (somewhat surprising) conclusions from analyzing the requirements
for account blinding in SET is that this operation posses essentially the same
cryptographic requirements as commitment schemes do. Commitment schemes
are well known and widely used in many cryptographic protocols, especially
zero-knowledge protocols. In our case the need for such schemes is not obvious
a-priori but it will become clear from our analysis in Sections 2 and 5. A vast
literature exists on the subject of commitment schemes. We refer to [9] for a
relatively recent work with pointers to further papers in the area.

Informally, a commitment scheme is a protocol for “committing” to a value in
such a way that the committer cannot later change his mind about the committed
value, while the recipient of the commitment cannot learn anything about the
committed value from seeing the commitment (the reader unfamiliar with this
notion can easily imagine the usefulness of such a scheme in electronic bids).
One interesting problem in cryptography is how to build such a scheme from
very simple primitives, in particular, from one-way functions only. Naor [11] has
provided an interactive scheme based on pseudorandom generators (and then on
any one-way function) already in 1989. However, it remains open since then the
question of whether the same can be achieved non-interactively. The weakest
assumption known to suffice for this task is the existence of collision-resistant
hash functions. Combining these with a universal hash function one can build a
non-interactive commitment scheme [6,9].

In this paper we present a solution that assumes a function which is simul-
taneously collision-resistant and pseudorandom. See Section 4 for the details.
Fortunately, this combined assumption is natural and generally accepted for
cryptographic hash functions such as SHA-1. In our solution we use a keyed
version of these functions based on the HMAC algorithm [2,10]. Under this com-
bined assumption our techniques can be proven to achieve the requirements
of the SET protocol or, equivalently, the requirements of a (non-interactive)
commitment scheme. Since this solution is highly efficient (computationally and
communication-wise) and cryptographically sound, it is a good candidate for
consideration when such a commitment scheme is required in practical scenarios.
In particular, it achieves the efficiency of solutions based on the random oracle
model [5] but under much weaker, well-formulated and realistic, cryptographic
assumptions. We expand on this subject in Section 5.

2 Blinding Requirements

Let cON be the credit card number of cardholder C. (In SET ccN is called
Primary Account Number (PAN).) Let G and M denote the payment gateway
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and merchant, respectively. Our goal is to design a suitable blinding function
B that when applied to cCN will produce a certificate identifier CID, i.e. CID =
B(ceN). The latter is used as follows: cardholder C is issued a certificate that
binds the value of CID together with C’s public key under the signature of a
banking institution (or other certification authority CA). Whenever C' activates
the SET payment protocol, C sends the certificate to M as well as an encrypted
slip (under G’s public key) containing, among other information, the actual
credit card number CCN of C. After merchant M checks some information related
to C’s certificate (the details here do not concern us) it sends to G the certificate
of C' as well as the information encrypted and signed by C. Gateway G decrypts
the value of cCN and checks that the value of CID as it appears in the certificate is
indeed a blinding of CCN (i.e., G checks that CID = B(CCN)). If so, it verifies the
signature of C on the payment request (the slip) using the public key appearing
in (s certificate. After all these validations succeed (including the verification
of the CA’s signature on the certificate), G sends a request for authorization
(for the amount in the transaction) to the bank identified by ccN. The bank
will check the status of account CCN (e.g., credit limit and balance) but will
not perform any further checks on C’s signatures or other information already
verified by G. (Remember that the bank’s part in this process is identical to the
processing of nowadays paper/phone requests and independent of the details of
SET.) This scenario imposes two requirements on the function B:

1. Secrecy: no information on CCN should leak from seeing CID = B(CCN);
2. Fraud prevention: it should be infeasible to find ccN, cCN’ such that
B(ceN) = B(ceN).

The first requirement is obvious as it constitutes the motivation for introduc-
ing the blinded identity, namely, protecting the value of CCN from eavesdroppers
and even merchants. Moreover, note that we need secrecy protection in a strong
sense: credit card numbers belong to a relatively small range of values (they are
short and structured) thus it should be infeasible to mount dictionary attacks
on the encryption. What is required is the full secrecy protection as captured by
the notion of semantic security [8], namely, no partial information on the plain-
text should be derivable from the ciphertext by a (computationally-bounded)
attacker. In particular, this implies that the function B must be probabilistic.
(If B is deterministic then the attacker can, for example, test different candidate
values of CCN to determine which one corresponds to a given CID.) We show
below how to deal with the randomization of this function.

The necessity of the second requirement is less obvious. It does not directly
follow from the need to hide the credit card number, but it is needed to prevent
fraud opportunities that the blinding technique introduces. Here we give a brief
argument to motivate this and expand on it later. Assume that an attacker A
has a certificate issued for account cCN” and for which A holds the corresponding
private key. Assume also that cID = B(ccN’) = B(CcN) where CCN is some other
cardholder’s credit card number. In this case, A can pay for any purchase using
account CCN rather than A’s account ¢CN’. This is done as follows: A sends to G
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his own certificate containing CID and signs using his own private key; however,
instead of encrypting CCN’ in the slip he encrypts cCN. Now all verification steps
of G succeed but the account being charged is CCN’ not con !

Since we saw that B must be a probabilistic (or randomized) function, we
will consider it as a deterministic two-argument function . The first argument
is a random quantity, while the second is a credit card number. This random
quantity is generated as follows. At certification time, cardholder C chooses a
random value k that she sends to the certification authority CA®. The value CID
for C will be fixed to cID = B(k, CCN) where CCN is the credit card number of C.
After computing cID, CA does not need to keep the value of k, but C does keep
it secretly for later use. Each time that C will be sending a payment request to
G (via M), cardholder C' will encrypt both values k£ and ¢cN under G’s public
key. After decryption G will check that cip = §(k, cCN) where CID is the blinded
ID that appears in C’s certificate.

With respect to 8 we can restate the second (fraud prevention) requirement
above as the infeasibility to find, for given CCN and CCON’, values k and k' such
that 8(k, ccN) = B(k', coN’). If this was possible, then an attacker A that holds
account CCN’ can charge another account CCN as follows. Attacker A finds k, k&’
as above, and uses k" at registration time to obtain a certificate identifier CID =
B(k',ceN’). When coming to pay, A sends to the gateway G the values CCN
and k which G verifies as correct since CID = B(k, cCN). Thus, account CCN is
charged and not ccN’. (It is important to note that in this attack A does not
need to know the values of CID or k used by the legitimate owner of cCN.) In
another attack variant, the attacker A (possibly using an accomplice) certifies
two accounts CCN and CCN’ under two different names and using blinding values
k and k', respectively, such that 8(k, coN) = B(k’, ccN’). Now A can charge CCN
using the certificate (and signature) issued for cON’, and then dispute the charge
to CCN alleging a wrong signature on the slip.

Note: An even stronger requirement is the infeasibility of finding a quadruple
k,k',ccN,ceN' such that B(k,coN) = B(k',ceN’). However this seems to be
more than needed in SET since it is hard to see how an attacker could use these
values to mount a real attack: in particular, the values of CCN, CCN’ he may find
will probably not be legal credit card numbers and even if so these will probably
be credit card numbers for which A does not hold the private key, or cannot get
them certified with a public key of his choice. In any case, our solution achieves
this stronger requirement as well under standard assumptions.

4 Note that A could be possibly traced after fraud was committed; however, by then
A can be safely resting in Anguilla or could have just used somebody else’s stolen
certificate and private key as the CON’ account. In the later case A could have just
impersonated the broken cardholder and pay using CCN’ directly; still targeting a
better protected and higher-value CCN account could prove a more rewarding strategy
for A.

® This value k is called PANSecret in SET and its generation involves a random nonce
provided by the CA to increase the amount of randomness in k
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We stress that it is not a requirement of SET to disallow linkability of pay-
ments. Indeed, different purchases by the same cardholder can be linked via the
public value of CID, the public key, etc.

3 Sufficient Conditions on the Blinding Function

In this section we prove a theorem that establishes a set of sufficient conditions
for a function 3 to satisfy the requirements stated in the previous section. In the
next section we present a particular implementation of 3, as adopted by SET,
for which it is believed that these sufficient conditions do hold. The conditions
in the next theorem involve the notion of collision-resistance and pseudorandom
functions. The latter were introduced in [7] and are widely used in multiple
applications of cryptography such as key generation, message authentication
codes, encryption and more. Keyed hash functions and block ciphers are typical
realizations of pseudorandom functions whose basic property is that the output
of the function on a given point is unpredictable even after seeing the value of
the function in a number of other points.

Theorem 1. Let B(k,x) be a deterministic function for which the following two
conditions hold:

1. the function B(k, x) is collision resistant, namely, it is hard to find k,z, k', x’
such that B(k,x) = B(K',z') ;

2. the family of keyed functions { fr(x)}r, where fi(x) = B(k, x), is pseudoran-
dom.

Then B(k,x) satisfies the blinding requirements of SET (see Section 2).

Proof. Finding two values CCN and CCN’ that map to the same value under
with (possible) different values of k and &’ would clearly contradict the collision-
resistance condition imposed on § by the first assumption in the theorem. Thus
the second requirement of the blinding operator is satisfied by (.

As for the first requirement of Section 2 the assumption that fi(z) = B(k, x)
behaves as a family of pseudorandom functions guarantees that nothing is learned
about CCN from seeing fi(CCN). Indeed, it takes a standard argument to show
that any algorithm that can extract any partial information, not known a-priori,
on CON given fi(CCON), can also be used to create a predictor (or distinguishing
test) for the family {fr(x)}r. This guarantees the semantic security of CCN; in
particular, even an attacker that has only two candidate values for CCN cannot
decide on the correct value with probability essentially better than 1/2. o

4 HMAC-Based Solution

The solution adopted by SET for implementing the function § uses the function
HMAC-SHA1. HMAC is described in the SET specifications as well as in RFC
2104 [10]. It is also the subject of the paper [2]. However, the latter deals with
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the use of HMAC for the purpose for which it was originally designed, namely,
as a secure MAC (message authentication code). In SET the use of HMAC and
the requirements from this function are very different. In particular, the sole
assumption that HMAC is a secure MAC does not suffice to guarantee that its
use for our purposes is secure. Indeed, one can show examples of (other) func-
tions that are secure for message authentication but totally insecure as blinding
functions for SET. Here we analyze the use of HMAC for the specific purposes
of blinding in the SET protocol.

We first recall the definition of HMAC which uses a key K and applies to
a value z. H represents an iterative cryptographic hash function (i.e. one that
iterates a compression function over blocks of data) such as SHA-1, RIPEMD,
etc. In the specific implementation of SET the function H is SHA-1. HMAC is
defined as

HMACk (z) = H(K @ opad - H(K @ ipad - z))

where - is the concatenation operator, K is typically of the length of the hash
output (20 bytes for SHA-1) and is padded with 0’s to the hash block boundary
(64 bytes). The pads opad and ipad are fixed 64-byte strings, and their values
are the byte 0x36 repeated 64 times and the byte 0x5C repeated 64 times,
respectively.
In SET, we define

B(k,ceN) = HMAC-SHA1,(CcCN)

where k is a string of length 160 bits.
We now argue that the conditions of Theorem 1 are likely to be satisfied by
this function (when implemented with SHA-1 or similar functions).

COLLISION-RESISTANCE. Collision resistance is the main design principle behind
the definition of SHA-1 and then a reasonable assumption to make. Finding
collisions for SHA-1 is indeed believed to be a very hard task. Finding colli-
sions in the case of HMAC seems even harder as this requires a very particular
structure for the colliding values. Indeed, note that finding k, x, &', 2’ for which
HMACy(z) = HMAC), (2/) would mean finding collisions for the external ap-
plication of H (or SHA-1) where the colliding values have the special format
dictated by the use of the constants opad and ipad and by the internal appli-
cation of H. Such a break to the collision resistance of SHA-1 seems highly
improbable given current knowledge.

PSEUDORANDOMNESS. The second requirement from Theorem 1 asks for the
family HMACy, where k ranges over random 160-bit quantities, to be pseudo-
random. Justifying such a property of HMAC} requires some assumption about
the pseudorandomness of the underlying hash function; i.e., SHA-1 in the case of
SET. This property of SHA-1 has been less investigated than collision-resistance.
However, we note that similar, and actually stronger, random-like properties are
usually assumed on SHA-1. In particular, the designers of SHA-1 proposed the
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use of this function as the basis to a pseudorandom generator for DSS [12]. More-
over, keyed cryptographic hash functions based on SHA-1 are widely used for
applications such as key derivation in key exchange protocols (in reality, people
often refer to these functions, even in the unkeyed version, as as a source for
“ideal randomness” as assumed in applications of the random oracle model).

Here we show that for our purposes a weaker assumption about the pseudo-
randomness of the function H suffices. The arguments below follow the ap-
proach and results of [2,3]. Let h denote the “compression function” underly-
ing the construction of iterative hash function like H (e.g. SHA-1). Consider
this compression function as a family of functions keyed via the initial vari-
able (IV) of h, namely, let hj represent the function h with its IV set to k.
We claim that the second requirement from Theorem 1 holds with respect to
B(k, ccN) = HMACy(cen) if the family {h } 5, is pseudorandom. Indeed, one can
see that our application of HMAC translates into the nested application of two
functions from the family h; with different keys k1 and ko (this has been called
NMAC in [2]). Namely, HMAC), (CON) = hg, (hg,(CCN)) where k1 = H (k ®opad)
and ke = H(k @ ipad) (here we use the fact that ipad and opad are different
strings). It is important to note that the input CCN to hy, is shorter than a full
block of h (64-byte for SHA-1) and then a single application of the compression
function is used in this computation. Now if the family {hj}x is pseudorandom
then certainly the composition of two elements from this family is pseudoran-
dom too (actually, this is a strengthening relative to a single application of the
function, similarly to the case of “double-encryption”).

A further strengthening of the security of our scheme comes from the fact
that the pseudorandom function cannot be attacked via probes to the values
of the function on different inputs. There is no way for an attacker that tries
to learn the value of CCN from CID to query the function HMACy in any value
other than CID.

In conclusion, based on Theorem 1 and the above discussion we see that if
H is collision-resistant and the family of keyed compression functions {hy} is
pseudorandom then S(k, z) = HMACy(z) constitutes a secure blinding function
for SET. In particular, these assumptions are natural and reasonable for the
function H when implemented via SHA-1.

5 Non-interactive Commitment Schemes

As discussed in the introduction, the requirements for the blinding operation of
SET coincide with the requirements for commitment schemes and therefore our
solution to the blinding problem provides also a practical implementation of a
commitment scheme. Here we extend on this subject.

A commitment scheme is a protocol involving two parties, S (the sender
or committer) and R (the recipient or committee), and it is composed of two
phases. Here we concentrate on protocols where both phases are non-interactive.
Thus, we define two functions commit and verify. In the first phase, called the
commitment phase, the committer S computes ¢ = commit(v), where v is a
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value (a string, in general) to which S wants to commit. S then sends ¢ to R.
In the second stage, the opening phase, S sends to R the value v and auxiliary
verification information a, and R verifies that verify(c, v, a) is satisfied.

A secure commitment scheme is one for which: (i) R does not learn anything
from ¢ about the value of v, except for what he knew about v before seeing
¢ (namely, the function commit protects v with semantic security); (ii) it is
infeasible for S to find values v’, @’ such that v # v’ and verify(c, v', a’) is satisfied.
These properties guarantee that R does not learn anything about the value v
committed by S until the latter opens (or reveals) the committed value. On the
other hand, after having sent ¢, the committer S cannot change her mind about
the committed value, i.e., S can open ¢ to a unique value v.

We note that the above description is a simplification of the more general
notion of commitment schemes which allows for both phases, commitment and
opening, to be fully-interactive protocols. On the other hand, in many practi-
cal applications (blinding of credit card numbers in SET being one example)
interaction can be costly or even prohibitive.

Let us now consider the blinding requirements from Section 2. Note that
the requirements on the function B established there are essentially the same
requirements stated above for a (non-interactive) commitment scheme. There-
fore, we can see the function B as the commit function, while verification by R
involves re-computing B on the opened value v. More precisely, when consider-
ing the function 8 (instead of B), we can define ¢ = commit(v) = B(k,v) (for
v = CCN and randomly chosen k, and thus ¢ = CID), and opening is done by
sending v together with k. The verification verify(c, v, k) is performed by testing
whether ¢ = B(k,v) (for ¢, v, k as received from S).

As shown in Section 4, the function HMAC (v) is a secure implementation of
the function 3, and then also a suitable implementation of the function commit
for a secure commitment scheme. This solution to non-interactive commitment
schemes compares favorably in performance relative to other solutions such as
those based on public key encryption (see below) or universal hashing [6,9]. On
the other hand, the latter uses weaker cryptographic assumptions (it requires
collision-resistance as in our case, but gets rid of the pseudorandomness require-
ment via the use of universal hashing). However, the performance advantages of
HMAC are significant here. They involve both computation time as well as the
size of the information sent from S to R (or from C to G in the case of SET).
The latter is important since ¢ = CID goes into the digital certificate (which one
wants to keep as short as possible), and v = CCN and k need to fit in a single
public key encryption (under G’s public key).

Another suggestion considered at the time of SET design was to use a public
key RSA operation for the commitment function. This can be implemented using
a public key for which the private key is not known to anyone (say, it is destroyed
immediately after generation). The commit function is then implemented as a
randomized encryption of v under this public key. Opening is done by sending v
together with the random value k used to compute the randomized encryption.
This results in a long (1024 bit) value for CID, however this can be shorten by
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applying a collision-resistant hash function to this value. It is not hard to see
(and the techniques are well known) that this provides a secure commitment
scheme if the encryption is secure. Eventually, the HMAC-based solution was
selected as being faster and simpler (e.g., it does not require the complexities
of generating a public key, destroying the private key, and keeping this key as a
static — very long-lived — key in the protocol).

It is also interesting to compare the HMAC-based solution with heuristic
constructions of commitment schemes based on the random oracle model [5]. If
one is willing to assume that SHA-1 is such a “random oracle” then one can use
SHA-1(k,v), for random k, as the commit function. However, the random-oracle
assumption here is clearly an idealized notion, that cannot be implemented via
a single fixed function. The cost of the HMAC-based solution is slightly higher
in computation but it is founded on well-defined and realistic assumptions.

6 Concluding Remarks

We have shown the motivation and rationale for introducing the blinding of
credit card numbers in SET certificates. We presented the security requirements
for this operation which include aspects of secrecy and fraud prevention. We pre-
sented sufficient cryptographic conditions for a function to constitute a secure
blinding operator, and showed that the specific HMAC-based solution adopted
in SET is likely to satisfy these conditions. Finally, we argued that such a so-
lution represents a practical and sound candidate for the implementation of
cryptographic commitment schemes.

It is interesting to note that, in principle, all the blinding issue could have
been avoided in SET by issuing special credit card numbers for use with SET
certificates which are different than the regular numbers used by cardholders
for traditional shopping. Indeed, if one makes sure that these new credit card
numbers are used only in conjunction with a digital signature from the cardholder
then the sole knowledge of CON does not help an attacker. This possibility was
discussed by the SET designers. However, it was strongly discouraged by the
credit card organizations as they considered it impractical (given current banking
practices) to require banks to issue alternative account numbers linked to existing
cardholder accounts. Besides this business consideration, it is not clear how well
one can guarantee that these new credit card numbers will never be used without
an accompanying digital signature. SET itself defines a “cert-less” option (this
is similar to 2KP from [4]) where the user does not carry (or does not use) any
certificate and, in particular, does not apply a digital signature. In this case the
credit card number becomes, again, a valuable information.
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Abstract. We introduce a trustee-based tracing mechanism for anony-
mous digital cash that is simple, efficient, and provably secure relative to
its underlying cryptographic primitives. In contrast to previous schemes,
ours may be built on top of a real-world anonymous cash system, such
as the DigiCash™ system, with minimal modification to the underlying
protocols. In addition, our scheme involves no change to the structure of
the coins. On the other hand, our scheme requires user interaction with
a trustee, while many other such systems do not. This interaction occurs
infrequently, however, and is efficient both in terms of computation and
storage requirements. Our scheme also achieves more limited security
guarantees in the presence of malicious trustees than many other sys-
tems do. While this is a disadvantage, it represents a tradeoff enabling
us to achieve the high level of practicality of our system.

Keywords: anonymity, blind digital signatures, coin tracing, digital
cash, e-cash, trustee-based coin tracing

1 Introduction

Anonymous digital cash, known informally as e-cash, is a form of digital cur-
rency that provides anonymity to users with respect to both merchants and
banking institutions, thereby affording a heightened assurance of consumer pri-
vacy. Since David Chaum first proposed the idea in 1982 [2], it has been a major
focal point of academic research in electronic commerce. Researchers observed
early on, however, that if anonymity in payment systems is unconditional, it
may be exploited to facilitate crimes like blackmail and money laundering [13].
This observation spurred research into the idea of making anonymity in payment
systems conditional, and, in particular, revocable by a third party or trustee un-
der court order. This notion, known as trustee-based coin tracing, was developed
by Brickell, Gemmell, and Kravitz [21] and independently by Stadler, Piveteau,
and Camenisch [10]. A National Security Agency report has since declared the
availability of such tracing in e-cash systems vital to the security interests of
the United States [22]. The importance of traceability in e-cash systems has
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motivated the proposal of many new trustee-based coin tracing schemes, among
them [23,24,17,19,25,3,6,26,12,27].

Several trustee-based coin tracing schemes have offered notable innnova-
tions in functionality and flexibility. In general, however, these improvements
are achieved at the cost of diminished simplicity and practicality. In this pa-
per, we introduce a simple and highly efficient trustee-based tracing mechanism
that may be added on top of anonymous cash schemes based on blind RSA sig-
natures. Rather than seeking to offer new functionality with respect to other
tracing schemes, our scheme does the opposite: it trades off some functionality
against a higher degree of simplicity and practicality. Thus, while our scheme
has limitations with respect to some previous ones, it also has several important
advantages:

— Practicality Unlike previous schemes, ours can be incorporated straight-
forwardly on top of a commercially implemented on-line anonymous e-cash
scheme, namely the DigiCash™ scheme [1,15] (also referred to as Chaumian
e-cash [2]). Our scheme involves no change to the structure of the coins or
the spending or deposit protocols, and can be easily applied to off-line e-cash
variants as well.

— Efficiency Our scheme imposes minimal computational overhead on the
underlying withdrawal scheme for the user — essentially just several modular
multiplications and a MAC. Most other tracing schemes carry overhead for
the user amounting to several modular exponentiations per transaction.

— Provability In contrast to other schemes in the literature, our system is
provably secure with respect to underlying cryptographic primitives. We
state theorems treating both the anonymity and non-forgeability properties
of our scheme in Section 4.

— Simplicity Our scheme is conceptually very simple.

Like most other schemes, ours can support both tracing of the identity of
a user from a coin, known as coin tracing, and generation of a list of all coins
belonging to a given user, known as owner tracing. Both of these operations
require very little computation and database access.

The tracing mechanism we propose in this paper has two shortcomings with
respect to other schemes. First, our scheme requires user registration with a
trustee upon set up of the user’s account (and possibly again later, if the user
spends a large number of coins). While some systems, such as, e.g., [6], require
on-line participation of trustees, others, like [19], do not. As a result of this
interaction between user and trustee, our system requires storage of a small
amount of authorization data for withdrawals, which many other systems do
not. A second drawback to our scheme is its limited privacy guarantees when
multiple trustees are used. We require the use of what amounts to a trusted
dealer (see, e.g., [11]) upon user registration. This is discussed in Section 5.2.

The idea behind our scheme is quite simple. Before making a withdrawal
at a bank, a user contacts a trustee. The user shares with the trustee secrets
used to generate a coin z and a blinding factor r. The user receives from the
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trustee what is called a trustee token. A trustee token is a piece of information
entitling the user to withdraw an anonymous coin generated using r and z. It is
essentially a short (say, 10-50 bit) proof to the coin issuer, i.e., bank, that the
coin in question can be traced by the trustee. By requesting many trustee tokens
in advance of coin withdrawals, and batching trustee tokens so that they apply
to multiple coins, the user can achieve a very low frequency of interaction with
the trustee.

1.1 Previous Work

As mentioned above, trustee-based tracing schemes were first elaborated inde-
pendently by Brickell et al [21] and Stadler et al [10]. Brickell et al describe two
schemes. The first is based on a blind Schnorr-like signature scheme and requires
interactive proofs between trustees and the bank. The second is based on blind
RSA signatures and makes use of a cut-and-choose protocol, resulting in a scheme
that is flexible, but has large coin sizes and computational requirements.' Stadler
et al introduce several schemes, the most practical of which makes use of a blind
signature scheme based on that of Chaum and Pedersen [4]. In their scheme, the
user requests a pseudonym and registration information from a trustee. The user
presents this registration information to the bank, and also incorporates it into
the coins she withdraws. Although use of a pseudonym for multiple withdrawals
can lead to linkage of user identity across coins, this problem can be addressed
in part by having the user register multiple pseudonyms.

Jakobsson and Yung [3] introduce the notion of “challenge semantics”, en-
abling flexible determination of coin value, so that coins can be invalidated in
case of, e.g., a bank robbery. Their scheme is capable of addressing stronger
attack models than many others and a wider range of commercial settings. It is
also adaptable to use with any underlying digital signature scheme. On the other
hand, their scheme requires on-line participation of a trustee in both coin with-
drawal and coin spending. The “Magic Ink” construction of the same authors
makes use of blind DSS signatures [6]. In this scheme, signing and anonymity re-
vocation can be conducted by differing quorums of trustees. Trustees are again,
however, fully on-line, and the scheme is also rather computationally intensive
for most operations. In [26], Jakobsson and Yung show how to combine the
benefits of Magic Ink signatures with those of challenge semantics.

Camenisch, Piveteau, and Stadler [17] introduce a slightly different approach
to trustee-based tracing. They propose a system, based on blind Schnorr signa-
tures, in which a user transfers funds from a non-anonymous to an anonymous
account, and a trustee is capable of linking the two accounts. The chief disad-
vantage of this approach is that once the two accounts are linked, anonymity is
eliminated.

Camenisch, Maurer, and Stadler [23] demonstrate a system, based on blind
Schnorr signatures, in which the trustee is wholly off-line. Their system is quite

! Often overlooked in the literature is the fact that the RSA-based system of Brickell
et al is very likely the first with fully off-line trustees.
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complex, and involves well over a dozen modular exponentiations by the user
at each coin withdrawal. A system with very similar properties was introduced
independently by Frankel et al [25]. Davida et al [19] improve on the system in
[25], reducing the computation required in the withdrawal protocol, as well as
the database search requirements in owner tracing. Their withdrawal protocol,
however, still requires over a dozen modular exponentiations by the user.

Most of the above schemes rely on discrete-log based blind signature schemes.
The exceptions are those in [21] and [3], which can make use of blind RSA sig-
natures. Both schemes, however, involve changes or additions to the underlying
structure of the coins, and have the inefficiencies mentioned above. In contrast,
our scheme may also be used in conjunction with blind RSA signatures, but
does not require any modification to the underlying coin structure. This is the
reason why our scheme may be quite practically adopted in conjunction with
DigiCash™" and like e-cash systems.

Trustee participation in our scheme is minimal, limited to interaction between
the user and trustee upon account set-up and perhaps on an infrequent basis
afterward. Our scheme does not suffer the communications and computational
overhead of a scheme like that in [6], but, on the other hand, has a small amount
of overhead not present in, e.g., [19]. Additionally, our scheme requires storage
of trustee information, but this information is not sizeable, particularly with
respect to the large coin sizes of many trustee-based tracing schemes.

The chief advantage of our scheme is its overall efficiency. The user requires
minimal computation on coin withdrawal — as much as one hundred times less
than in schemes like [23,19]. Computational and storage requirements for the
bank are also comparable to or smaller than in most other schemes. Tracing is
also highly efficient in our scheme, more so than in most others. In the case of
coin tracing, for instance, our scheme requires no database lookups, which most
other schemes do.

Although papers describing schemes with off-line trustees do not discuss the
issue at any length, many such trustee-based tracing schemes allow for multiple
trustees or a distributed trustee in a strong privacy model. A notable exception is
that of Stadler et al [10]; our scheme is similar in this regard. When deployed with
multiple trustees, our scheme essentially requires distribution of owner tracing
information through a trusted dealer, as discussed in Section 5.2.

The basis of our scheme is in fact quite similar in flavor to that of Stadler et
al [10]. The key idea behind both schemes is to use trustee registration prior to
coin withdrawal. While the Stadler et al scheme makes use of a digital signature
where ours uses a MAC, ours can, of course, be adapted to use a digital signature,
as discussed in Section 4.1. The Stadler et al scheme differs crucially from ours
in that the trustee registration is part of the coin structure. Hence their scheme
is bound to, rather than added on top of the underlying signature scheme. It
may be used with a special-purpose discrete-log based blind signature scheme,
but not straightforwardly with blind RSA signatures.

We stress in general, however, that our scheme does not really bear direct
comparison to most previous trustee-based tracing schemes. Rather, it seeks to
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strike a different balance, sacrificing some flexibility and privacy guarantees in
favor of heightened efficiency and practicality.

1.2 Organization

The remainder of this paper is organized as follows. Section 2 gives notation
and definitions. We describe the details of our trustee-based tracing scheme in
Section 3, and discuss security issues in Section 4. In Section 5, we discuss the
efficiency of our system and also describe a means of incorporating multiple
trustees.

2 Background

2.1 Notation

An anonymous digital cash scheme involves the following participants. The first
three - namely the Bank, the Trustee, and the User - will be central to the
description of our scheme in this paper.

— The Bank is a financial institution that issues anonymous digital coins and
manages accounts. The Bank publishes an RSA modulus N = pq, whose
factorization it alone knows.

— The Trustee (which we denote by T') is a trustworthy device or agency re-
sponsible for tracing coins on presentation of a valid court order. In our
scheme, the Trustee holds a secret key SKr for some public key encryption
algorithm; it publishes the corresponding public key PKr. The Trustee also
holds a symmetric key w, which it shares with the Bank.

— The User (whom we denote by U) is any entity that withdraws money from
the Bank. In our scheme, the User possesses a unique identifier or account
number denoted by IDy, and also a secret sy associated with IDy and
used to prove the User’s identity. The Trustee knows a binding of I Dy to
the User’s real-world identity, although the Bank may transact with the User
on an entirely anonymous basis using only account information.

— The Government is any law enforcement body that is authorized to request
the tracing of coins on presenting a valid court order to 7T'.

— The Merchant is any party with whom the User spends money. Our trustee-
based tracing scheme does not involve any modification to the underlying
digital cash protocols involving the Merchant, i.e., the spending and deposit
protocols. We therefore do not have cause to discuss the role of the Merchant
at any length in this paper.

We use f to denote a secure one-way or hash function, and M AC,,(m) to
denote a MAC (Message Authentication Code) computed using a symmetric key
w. (See [18] for definitions and a discussion of MACs.) Epg . (m) will indicate the
encryption (under some appropriate asymmetric cipher) of the message m using
the public key PKx. We let PS denote an indexed pseudo-random generator
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(although a chained generator can easily be adapted to our schemes as well),
and PS4(i) stand for the output of this generator with secret seed A on index
i. We write {X;} to mean the set of values X; over all appropriate values of i.
The symbol || will denote concatenation of strings, @, the XOR operation, and
€ R, uniform random selection from a set.

There are three security parameters in our scheme, denoted by ki, k2, and
k3. The parameter kp is the length of the seed to the pseudo-random number
generator PSS, and thus, as we shall show, specifies the level of security on the
User’s anonymity. The parameter ko specifies the length of the digital signature
modulus IV used by the Bank for signing coins, and thus the hardness of existen-
tial forgery in our scheme. The parameter ks specifies the length of the trustee
tokens or MACs used in our scheme. This is essentially equivalent to the level
of security on the Trustee’s ability to trace the User’s coins.

We write 1/2 + 1/poly to denote a probability greater than or equal to
1/2 + 1/k¢, where ¢ is some constant and k is the pertinent security parame-
ter. For example, in the proof of Theorem 1, the security parameter in ques-
tion is k1, the pseudo-random seed length. Using somewhat rough notation, we
write < 1/2+ 1/poly to indicate a probability which is asymptotically less than
1/2 + 1/k¢ for any constant c.

2.2 Definition of Blindness

Informally, a digital cash scheme is blind or anonymous if the Bank is unable to
determine, either at the time of withdrawal of a coin, or later, upon examining
circulating or deposited coins, which coin was withdrawn by which user. Chaum
[2] first put forth the notion of blind signatures in connection with payment
schemes, demonstrating an RSA-based signature scheme, described in Section 2.3
of this paper, that is unconditionally blind. A number of papers, e.g., [14], have
described a weaker notion of blindness informally in terms of a lack of statistical
correlation between the view of the signer at the time of signing and the set
of produced signatures. A more formal definition of computational blindness,
proposed in [16], may be described in terms of the following experiment. The
User produces two messages mgy and m; of length polynomial in k1. The User
sets a bit b uniformly at random. In two arbitrarily interleaved (and presumed
blind) digital signature protocols, she presents the documents mg and m; to the
Bank in an order specified by b, i.e., in the order {ms, m1_p}. In this interaction,
she obtains from the Bank signatures s(mg) and s(mq) on the two messages.
The User presents the message/signature pairs (mo, s(mo)) and (mq, s(mq)) to
the Bank. The Bank then attempts to guess the bit b. If no polynomial-time
algorithm exists which enables the Bank do so with probability 1/2 + 1/poly
(over its own coin-flips and those of the User), then we say that the digital
signature scheme is blind (or secure with respect to anonymity).2

2 As noted in [16], by standard hybridization arguments this definition is as general
as one involving polynomially many withdrawals by polynomially many users.
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2.3 Blind RSA Signatures

Blind digital signatures were introduced by Chaum [2] as a means of implement-
ing anonymous digital cash. As explained above, the anonymous digital cash
schemes of Chaum et al, as in [2] and [8], make use of blind RSA signatures. In
these schemes, the Bank publishes a public modulus N = pq, for which it alone
knows the factorization; it creates RSA signatures in this modulus. Depicted in
Figure 1 is Chaum’s protocol enabling the User to obtain a blind RSA signa-
ture (or coin) with public exponent 3 from the Bank. This coin takes the form
(z, f'/3(x)). All computations here are modN.

User Bank
r€rLn,xr €Er LN
rf(x)
Computes signature 7f1/3(x)
rf'3(z)

Verifies and takes
away (x, f*/°(z))

Figure 1. Blind RSA Signature Protocol.

Note that this protocol is unconditionally blind, i.e., the blindness does not
rely on computational assumptions or statistical arguments.

2.4 DigiCash™

There are several DigiCash™ variants, not all of which have been implemented
commercially. In this paper, we describe trustee-based tracing as it applies to a
commercially implemented, on-line version of DigiCash™".

In the version of DigiCash™ (Chaumian e-cash) we consider in this paper
[1,15], a coin consists of an RSA signature by the Bank on the hash of a message
x. If, for instance, the Bank uses a public (encryption) exponent of 3, then a valid
coin would assume the form (z, f1/3(z) mod N). To distinguish among different
denominations in this scheme, the Bank uses different public exponents, e.g.,
(z, f/3(z) mod N) might indicate a $.50 coin, while (z, f*/17(z) mod N) indi-
cates a $1 coin. The full system works as follows. The User with identifier I Dy
authenticates herself in a secure manner to the Bank. She then withdraws coins
using the blind RSA signature protocol described above, the Bank deducting the
corresponding funds from her account. To spend a coin with the Merchant, the
User simply transmits it to the Merchant. To prevent double spending of a coin,
the Merchant verifies on-line with the Bank that the coin is still valid. While this
description overlooks some details, the reader may find a complete explanation
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of the DigiCash™ protocols in [15]. As explained there, newer variants of the
DigiCash™" system have begun to make use of a redundancy function f with
message recovery. This coin structure can be accommodated with only minor
modifications to the scheme we present here.

Note that there are digital cash systems other than DigiCash™' that rely
on the use of RSA signatures, e.g., the “X-cash” scheme described in [5]. Our
trustee token scheme may be applied equally well to the anonymous variants of
such systems.

3 Our Scheme

3.1 Key Ideas

Before interacting with the Bank in our system, the User obtains from the
Trustee a set of trustee tokens {M; }. Recall from Section 1 that a trustee token is
essentially a short (say, 10-50 bit) proof that the blinded information the User is
presenting to the Bank has been seen and its correctness verified by the Trustee.
This proof is presented to the Bank when the User withdraws a coin. It reveals
no information to the Bank about the coin the User obtains. Note that for the
sake of simplicity, we assume in our presentation that one trustee token is used
for each coin withdrawal. As we show later, however, a single token can in fact
be used for multiple coins.

Our scheme makes use of an enhancement to improve communications and
storage efficiency. On performing a withdrawal from the Bank, the User generates
her coin and blinding data pseudo-randomly from random seeds R and S. In her
interaction with the Trustee, it therefore suffices for the User just to transmit
R and S: the Trustee is then able to generate all of the desired trustee tokens.
The seeds R and S constitute all of the data required by the Trustee to perform
owner tracing against the User. Note that R and S are given as separate seeds
for notational convenience. In practice, they may be combined into a single seed.

Recall that in the anonymous withdrawal protocol described above, to obtain
a coin (z;, f/3(x;) mod N), the User sends to the Bank the blinded quantity
73 f(z;) mod N. In our protocols, the quantity z; will contain the User’s identifier
IDy encrypted under the public key of the Trustee. This will facilitate coin
tracing by the Trustee. We let z; = Epk,. (IDy || si), where s; = PSg(7). Hence
x; may be computed using S and IDy. The integer r; is generated from the
random seed R. In particular, r; = PSg(i).

We are now ready to present the trustee token and coin withdrawal protocols.
Note that all computations are performed mod N. To simplify notation, we omit
explicit indication of this fact.

3.2 Protocols

Trustee token withdrawal In the trustee token withdrawal protocol, the User
proves her identity to the Trustee. She then reveals the secret seeds R and S used
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to generate the pseudo-random data for withdrawals, and indicates the number
Jj of tokens she wants. The Trustee computes a set of trustee tokens {M;}] on
these seeds for 1 < ¢ < j. He sends these tokens to the User. The protocol should
take place over an authenticated and encrypted channel to prevent compromise
of R and S. Figure 2 depicts the trustee token withdrawal protocol.

User Trustee

U proves ident. I Dy using sy

R,S €r {0,1}™

R, S, j
Stores (IDy, R, S) ‘
Computes {(ri, s:)}H and
| {M; = MAC, (r? f(a )}
{M:H

Figure 2. Trustee Token Withdrawal.

Observe that the User can request and store a large number of tokens, since
tokens are small (again, say, 10-50 bits apiece). These tokens may be used for
future withdrawals without the need for additional contact with the Trustee
until the User exhausts her supply. Note also that although we present the token
withdrawal protocol as an interaction with an on-line trustee, this need not be
the case. For example, trustee tokens can be requested using a secure store-and-
forward system, or, alternatively, loaded on a smart card by the Trustee.

Coin withdrawal protocol The coin withdrawal protocol in our scheme is essen-
tially the same as in the underlying Chaumian e-cash protocol. The only differ-
ence is that the Bank verifies, by means of a valid trustee token, that the User’s
withdrawal request has been authorized by the Trustee. To prevent theft of the
User’s coins, the coin withdrawal protocol should take place over an authen-
ticated and encrypted channel (on which even the Trustee cannot eavesdrop).
Figure 3 depicts the coin withdrawal protocol.
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User Bank

U proves ident. I Dy using sy

Computes (3, x;) 73 f (i), M
Verifies
M; = MAC,, (r f (1))
Computes 7; f*/3(z;)
ri '3 ()
Obtains

Ci = (xi, f%(2:))

Verifies C; is correct

Figure 3. Coin Withdrawal Protocol.

We do not present coin spending and deposit protocols for our scheme, since
these are exactly as in the underlying scheme.

Off-line e-cash As mentioned above, our scheme can be applied fairly straight-
forwardly to off-line variants of Chaumian e-cash, such as [8]. Off-line schemes in-
volve the User’s embedding tracing information in coins that gets revealed when
a coin is double-spent. To employ trustee tokens, then, in an off-line scheme,
it suffices for the User to generate this tracing information from the seed S.
Note that our tracing scheme presents the possibility of making off-line systems
more efficient by allowing the Trustee to verify coin information incorporated to
prevent double-spending. We leave further details to the reader.

Tracing Both coin and owner tracing are straightforward in our system. To trace
a coin C;, the Government presents it (along with a valid court order) to the
Trustee. Since ©; = Epg,. (IDy | s;), the Trustee may extract IDy from a coin
C; simply by performing a decryption with its secret key SKr. To perform owner
tracing, the Government presents I Dy (along with a court order) to the Trustee.
The Trustee then uses S to compute all {z;}. This is sufficient to identify all
coins withdrawn by the User I Dy .

Observe that owner tracing in our scheme has an interesting property. In
contrast to many other schemes, it is possible for the Trustee to identify not
only all coins withdrawn by the User and subsequently deposited, but also all
coins in current circulation, and even some coins to be withdrawn by the User
in future transactions.
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4 Security

We discuss four aspects of the security of our scheme. These are:

1. User anonymity The Bank should not be able to extract any information
from its interactions with users that reveals which coins have been withdrawn
by whom. This property was described more formally above in terms of the
definition of blindness given above from [16]. As we shall show, the security of
user anonymity in our system is dependent on k1, the security parameter, i.e.,
seed length in bits, of the pseudo-random number generator. (An acceptable
level of security may be achieved by letting k1 be about 80.)

2. Non-forgeability of coins The users of the system and the Trustee, even in
collaboration, should not be able to mint coins without express participation
of the Bank. The hardness of forgery in our system is determined by security
parameter ko, equal to the length of the modulus N. (The security parameter
ko may safely be set at 1024.)

3. Traceability The Trustee should be able to perform both coin tracing and
owner tracing with high probability. The security of tracing in our system
is determined by security parameter ks, equal to the length of the trustee
tokens in bits, and by security parameter k2. (For most purposes, it would
be acceptable to let ks be 10-50 bits.)

4. Inability of Trustee to steal User’s cash Although the Trustee should
be able to link the User to her coins, he should not be able to steal her
coins or make withdrawals from her account. It is common practice in the
literature not consider efforts by the Bank to steal the User’s money: it is
assumed that the Bank, which has control of the User’s account in any case,
must be trusted in this respect.

We are able to prove that our system is secure in all four of the above senses,
relative to underlying cryptographic primitives. Due to constraints of space, we
provide only proof sketches.

In the underlying blind RSA signature scheme, anonymity is unconditional,
i.e., information theoretically secure. In particular, use of the blinding factor r
ensures that the Bank receives no information about withdrawals. In our sys-
tem, however, we introduce a pseudo-random number generator P.S to enhance
efficiency. We can prove the security of anonymity relative to that of P.S.

First some definitions. Let PSg denote the output (of an appropriate length)
of PS given seed S. Let A be a polynomial time algorithm that outputs a 0 or
a 1. Let EXz[A(M)] denote the expected output of algorithm A given input M
over uniform random choices of Z, i.e., the probability that A(M) = 1. By a
definition equivalent to those in [7], the pseudo-random generator PS may be
said to be broken if a polynomial time algorithm A may be found such that
| EXs[A(PSs)] — EXR[A(R)] |= 1/poly. This notion may be used in a formal
proof of the following theorem.

Theorem 1. If the Bank is able to break the anonymity in our scheme, then it
can break the pseudo-random generator PS.
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Proof (sketch): User anonymity is information theoretically when the User
employs purely random inputs. If user anonymity can be broken when the User
employs a pseudo-random number generator, then it is possible to use the trustee
token scheme to distinguish between random and pseudo-random inputs. This
is equivalent to breaking the pseudo-random number generator PS. O

We address the issue of forgeability in the following theorem.

Theorem 2. It is as hard in our scheme for the User and Trustee to forge coins
collaboratively as it is for the User to do so herself in the underlying blind digital
signature scheme.

Proof (sketch): Formal proof of this theorem depends upon the fact that
the User can simulate the establishment of a secret key between Trustee and
Bank. In carrying out the withdrawal protocol in the underlying scheme, the
User can then simulate both the role of the Trustee and the role of the Bank
in processing trustee tokens. Thus, in our scheme, the Trustee can provide no
additional information useful to the User in committing forgery. O

Our next theorem regards the assurance of the Trustee that the User cannot
cheat and evade tracing of her coins.

Theorem 3. Suppose that the User is able to produce a coin which cannot be
traced by the Trustee. Then the User was successful at either forging a coin or
forging a MAC.

Proof (sketch): If the User is able to produce an untraceable coin C, then
either the User forged C, or the User withdrew C' from the Bank. If the User
withdrew C, and C' is untraceable, then the User must have provided the Bank
with an invalid MAC. g

By Theorem 2, it is presumed that the User cannot forge a coin in polynomial
time with more than a negligible probability. Therefore the probability that a
given coin C held by a cheating User is untraceable is roughly equal to the User’s
ability to forge a MAC. Under reasonable assumptions (see, e.g., [20,28]) this is
about 23, where ks is the length of the trustee tokens in our scheme. Thus, a
10-bit trustee token should yield a probability of less than 1/1000 of the User
being able to evade tracing for a given coin. For most law-enforcement purposes,
this should be adequate, particularly as law enforcement officers are likely to
have multiple coins available for tracing in most scenarios. Moreover, the User
can only verify the correctness of a MAC by interacting with the Bank. Her
efforts at cheating are thus likely to be detected by the Bank before she obtains
an untraceable coin. For very high security applications, it may be desirable,
however, to use MACs of up to, say, 50 bits. (Note that while MACs of 32 or
even 64 bits are typical in most financial transactions, the risks in such cases
are much greater, involving the potential for many millions of dollars to be
misdirected.)

Finally, we consider the ability of the Trustee to steal the User’s money.
Although the Trustee has access to the secrets of the User employed to generate
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coin data, the Trustee does not have access to the User secret sy. Therefore,
the Trustee cannot impersonate the User and withdraw money from the User’s
account without the Bank’s collusion. This yields the following theorem.

Theorem 4. It is infeasible for the Trustee to steal money from the User’s
account without the collusion of the Bank or the User.

Proof (sketch): The Bank only withdraws money from the User’s account if
authorized to do so through a channel authenticated by means of the User’s secret
sy. This channel is authenticated so that no eavesdropper, even the Trustee, can
steal the User’s coins. O

4.1 Untrustworthy Trustee

In our exposition above, we assume the trustworthiness of Trustee, and that the
MAC held jointly by the Trustee and Bank is well protected. In some scenarios,
it may be desirable to make weaker security assumptions. We can achieve this —
at the cost of computational and storage efficiency — with more extensive record
keeping and use of digital signatures by the Trustee.

Compromised MAC If an attacker manages to seize the MAC shared by the
Bank and the Trustee, and the theft goes undetected, he can present false Trustee
authorization to the Bank. This would enable him to withdraw untraceable coins.
There are many possible defences against this attack, representing a spectrum
of tradeoffs between efficiency and security. One possible countermeasure would
be to refresh the shared MAC on a frequent basis. Another option would be to
have the Trustee digitally sign tokens using a public key signature algorithm,
rather than MACing them. While this variant on our scheme provides stronger
security guarantees, is rather less efficient in terms of the computation required
to produce a token.

Failed tracing In the above variants of our scheme, if the Government presents
a coin C' to the Trustee and the coin cannot be traced, it is unclear whether the
Trustee or the Bank permitted withdrawal of an untraceable coin. This can be
remedied by having the Trustee digitally sign all tokens, and requiring the Bank
to keep track of all coin withdrawal transcripts for each User and the Trustee
to keep track of the number of token withdrawals. If untraceable coins surface,
then the Bank and Trustee records can be compared, and a determination made
as to whether the cheating party is the Bank or the Trustee.

Framing by Trustee In our scheme as described above, the Trustee can frame
the User. In particular, the Trustee can generate a value x based on a pair of
values (7, ;) not yet employed by the User (or based on false seed pair (R’, S")),
withdraw from the Bank a coin C; based on z;, spend the coin on some illicit
purchase, and then claim that the User was responsible, adducing the registered
seed pair (R, S) as evidence.
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It is possible to prevent attacks of this nature as follows. We have the User
digitally sign (R, S). We then have the Bank record all blinded values presented
for signing, as well as the number of withdrawals by the User. The Bank rejects
any withdrawal request based on a previously presented blinded value. Now if
Trustee attempts, under a false identity, to withdraw a coin C; (based on a User’s
seed pair (R, S)) when C; has already been withdrawn, he will be stopped. If he
withdraws a coin C; not already withdrawn by the User, then the User is able
to prove, on revealing (R, S) and adducing the Bank’s counter as evidence, that
she was not responsible for the initial withdrawal of C;. Hence, framing of the
User would require collusion between both the Bank and the Trustee.

Note that framing of the User by the Bank is infeasible, as the Bank has no
knowledge of S.

5 Efficiency and Extensions

As explained above, our trustee-based tracing scheme adds very little compu-
tational overhead to the underlying coin withdrawal protocol. The Bank must
compute a MAC which it would not otherwise compute, but this requires neg-
ligible effort in comparison with generation of the signature on the coin. The
User must compute the values r; and z; from a pseudo-random generator, but
these values would likely be computed in some pseudo-random fashion in any
case. In fact, if the Bank uses a signature exponent of 3, the User need only
compute two pseudo-random values, a hash, six modular multiplications, and a
modular inversion per withdrawal (including verification that it has a valid coin).
In contrast, the scheme in [19], for example, requires fifteen (160 bit) modular
exponentiations on the part of the User at the time of withdrawal - and even
more if the scheme is to permit owner tracing.

The token withdrawal process requires no computationally intensive crypto-
graphic operations - just a few hashes and computations of MACs. The stor-
age requirements for trustee tokens are also minimal. The Trustee must store a
pseudo-random seed for each User (perhaps 80 bits). In the scheme described
above, the User must store perhaps 10 bits for each trustee token. A coin in
Chaum’s scheme consists of roughly 1000 bits [15]. Hence, the storage of a col-
lection of trustee tokens will not be difficult on a device capable of storing anony-
mous digital cash. In fact, at 10 bits per token, 1K bytes of memory is enough
to store more than 800 trustee tokens.

5.1 Improving Efficiency

For the sake of simplicity, we have assumed in the above description of our scheme
that one trustee token is used for every withdrawal. It is possible to improve the
storage efficiency of trustee tokens substantially by making a single trustee token
good for multiple withdrawals, at the cost of some linkage of User identity across
coin. Suppose, for instance, that the User always withdraws coins in multiples

of ten. We let Mj = MACU,(T%OJ-, f(fl?l()j), T%0j+1f(l‘10j+1), ey T%0j+9f($10j+g)).
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The token M, is good for the first ten withdrawals, M; for the next ten with-
drawals, etc. In fact, it is not even necessary for the User to withdraw coins
in groups of ten. If she wishes to use a trustee token to withdraw fewer than
ten coins, shbibliographystylee need only send an appropriate number of blank
withdrawal requests, i.e., a sequence of 7} f(z;) for which she does not wish to
receive the corresponding coins. If enough batching is performed, it may be effi-
cient to use digital signatures instead of MACs, eliminating the need for secret
key establishment between the Trustee and Bank.

5.2 Multiple Trustees

Our scheme as described has only a single trustee. It is possible, however, to
achieve k-out-of-n tracing with any number n of trustees by sharing the secret
S K7 among the n trustees in an initialization phase. It is also necessary, however,
to share R, S, and I Dy for each user after the corresponding trustee tokens have
been distributed. Sharing may be performed using any of a number of threshold
and/or proactive secret-sharing techniques, such as, e.g., [9].

While flexible, this method of incorporating multiple trustees into our scheme
achieves weaker security guarantees than in many other systems, such as [19]. In
[19] and related schemes, secrets enabling compromise of the User’s identity are
never revealed to the trustees, except during tracing. In the scheme we describe
above, the secrets R and S are revealed by the user, and must then be shared
among trustees. These secrets, which enable owner tracing (but not coin tracing),
are thus vulnerable to attack during the token withdrawal protocol. Hence the
entity handling the user secrets acts essentially like a trusted dealer. This is
generally acceptable if sufficient controls on handling of user secrets are set in
place. A more elegant and robust approach to incorporation of multiple trustees
into the proposed scheme would nonetheless represent a desirable advance.
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Abstract. Anonymity features of electronic payment systems are im-
portant for protecting privacy in an electronic world. However, complete
anonymity prevents monitoring financial transactions and following the
money trail, which are important tools for fighting serious crimes. To
solve these type of problems several “escrowed cash” systems, that allow
a “Trustee” to trace electronic money, were suggested. In this paper we
suggest a completely different approach to anonymity control based on
the fact that law enforcement is mainly concerned with large anonymous
electronic payments. We describe a payment system that effectively lim-
its the amount of money a user can spend anonymously in a given time
frame. To achieve this we describe a technique to make electronic money
strongly non-transferable. Our payment system protects the privacy of
the honest user who plays by the rules, while introducing significant
hurdles for several criminal abuses of the system.

1 Introduction

Anonymous electronic payment systems are regarded as essential for the pro-
tection of the privacy of consumers participating in electronic transactions. On
the other hand anonymity features have the potential of being abused for crim-
inal activities. These include tax evasion, money laundering and blackmailing
scenarios. To address these concerns several “escrowed cash” systems that allow
to revoke the anonymity have been proposed, cf. [8,3,4,13,17]. Although these
schemes differ in their individual features, they share the common characteris-
tic of the existence of Trustees, i.e., escrow agents that are able to revoke the
anonymity of each individual payment (cf. [8] for an overview and further ref-
erences). The supported revocation features are usually coin tracing (the ability
to associate a deposited coin with a withdrawal) and owner tracing which allows
to identify the owner of a spent coin.

In this paper we describe a different approach to help to prevent criminals
from abusing electronic cash systems which avoid the necessity to make each
individual payment potentially traceable. It is based on the observation that
honest users and abusive users of electronic cash usually have different interests
in using anonymous money. Criminals are usually interested in huge anonymous
transactions (e.g., laundering one million dollars that stem from drug deals)
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while the common user usually does not even have these amounts of money, and
is usually interested in small anonymous transactions (e.g. buying a political
magazine or an adult video dealing with a certain fetish he does not want to be
revealed - neither to his wife nor to the government). For high value transactions
like buying a new car or a house, anonymity is not really an issue for most honest
users.

This discrepancy is also reflected in U.S. policy: The Bank Secrecy Act,
passed in 1970, instructs banks to report any cash transactions exceeding $10,000
to the IRS. These regulations practically eliminate the anonymity of huge cash
transactions. Stanley E. Morris, at that time director of the U.S. Department of
Treasury’s Financial Crime Investigation Network stated that his organization
is mainly interested in large payments [16]. Furthermore Morris suggests in [16]
to solve some of the problems associated with electronic cash transactions by
putting limits on the amounts people can spend with cyber payment and smart
card based systems.

Thus in contrast to electronic cash systems with revokable anonymity that
limit the overall privacy users of electronic payment systems enjoy, by making
each individual transaction potentially traceable, we limit the privacy of users by
allowing them to have unconditionally anonymous transactions up to a certain
amount, i.e., we limit the money flow each user can create in a certain time frame.
Via regulations one may enforce that to obtain anonymous electronic cash a user
needs to open an electronic cash account, and when doing so he has to identify
himself (with a photo-id, say). Furthermore, the bank checks that each person
holds only one such account, and each month each person has the opportunity
to buy at most, say, $ 10,000 in anonymous electronic cash from the bank.

However, there are at least two problems with this naive approach. First a
user may accumulate large amounts of electronic cash throughout time. Sec-
ond, and more serious, electronic money can be traded. Because the money
is absolutely anonymous it can change hands without leaving any traces and
anonymous money could be accumulated in large sums.

To avoid money—trading we introduce in Section 2 the requirement of non-
transferability for a payment system and argue that it is an important feature
to have for electronic cash system to limit criminal abuses. In Section 4 we
describe an on-line system that is non—transferable, amount—limited and guar-
antees unconditional payer anonymity. It builds upon the provable secure system
presented by Damgard [6] (and later corrected in [20]). This basic system has
the disadvantage of forcing users to exchange their unused expired coins every
month. This gives the bank a good estimate of the amount a user has spent per
month and may be regarded as a privacy violation. In Section 5 we describe a
coupon based variant of this protocol that achieves accumulation control and
does not have this disadvantage. Both systems are described in the general com-
putation model and make use of secure multi party computations, so they are
polynomial-time, but not efficient in a practical sense. In Section 6 we sketch
how an efficient, off-line, amount-limited payment system can be constructed
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from Brands’ scheme [2,1].Finally in Section 7 we argue how this helps to defend
against common attacks and abuses of electronic payment systems.

2 Non—transferability and Amount—Limitedness

2.1 On the importance of non—transferability.

A considerable amount of work has been done to design payment systems that
are transferable (i.e. where a coin received during a payment can be further
spent by the receiver without intermediation of a bank, cf e.g. [18,19,5,7]), so
that electronic cash enjoys some of the conveniences of physical cash. However
physical cash is only conveniently transferable in small amounts (e.g. also by
mail) or in large amounts between users that are physically close to each other.
It was stated in a recent report on research performed by RAND for FinCEN
[15] that “the physical movement of large quantities of cash is the money laun-
derer’s biggest problem”. This hurdle to criminal abuse is potentially removed
by cyberpayment systems ([15]): “The international dimension of these systems,
and the fact that value transfers may take place with rapidity and with a degree
of anonymity that impedes oversight by governmental authorities, is clearly a
serious concern.” Thus transferable electronic money seems not to be a good
idea from the perspective of crime prevention.

Developers of (anonymity controlled) electronic payment systems have not
yet paid explicit attention to the problems transferability presents. To illustrate
this problem consider a non-anonymous system that is also fully transferable
(each coin carries a serial number that is recorded during withdrawal and de-
posit). At first sight the authorities can have full information about the system,
but is it really so?

In a fully-transferable system, after a few hand changes of the cash token
among different users and shops it is likely to be practically anonymous, and
the information of who withdrew the coin in the first place is probably going
to be irrelevant as the transaction chain of the token during its life span will
be almost impossible to reconstruct. Money changing organizations may exploit
transferability intentionally to create huge amounts of anonymous money that
then can be used for anonymous (criminal) transactions. Thus, a revokable but
also easily transferable escrowed cash system might turn out to be too weak.
Recall that the off-line electronic cash systems that had been suggested so far
are only non—transferable up to the degree that payers and receivers are not
willing to take double spending related risks.

2.2 How to build a non-transferable system

A coin usually passes three stages in its life: a user (whose identity is known to
the bank) withdraws a coin. We call him the owner of the coin. In the payment
phase a merchant is paid with a coin. In the deposit phase a merchant deposits
a coin into the bank. We say a payment scheme is non-transferable if only the
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person who withdrew a coin is able to use it for payment. Thus, dollar bills
are clearly transferable, checks are usually transferable but can also be made
non-transferable, and credit card payments are normally non—transferable.

Can a non—transferable system be built? Suppose Alice withdraws a coin c.
If Alice gives the coin ¢ to Bob, along with all the information needed for paying
with it, then Bob can use the coin ¢ himself, and the money is made transferable.
In general, as coins are bit strings that can be easily copied and transmitted
it seems impossible to achieve non-transferability by purely technical means,
unless tamper—resistant hardware is used. Thus instead of making it technically
impossible for a user to copy and transfer coins we want to design a system in
which a (rational) user does not want to transfer his coins.

We suggest the following ways of achieving that: we assume each user holds
one secret that he does not want to (or can not) give away. We call this a
“non—transferability secret”. When a user withdraws electronic money his non—
transferability secret is imprinted in the coin, and the payment protocol assures
that only a person knowing this secret is able to pay with the coin. Thus, giving
away the knowledge how to spend the coin gives away the non—transferability
secret which he does not want.

One way to provide users with secrets they do not want to give away is to
have a public key infrastructure in place such that liabilities are assigned to
the secret key of a digital signature scheme. For example if a receiver of the
secret key could completely impersonate the owner in a digital world, e.g. for
receiving loans, signing contracts, etc. This secret key seems to be well suited
to serve as a non—transferability secret which its owner may not want to give
away. Examples for physical protection measures are: the secret is generated and
stored on a tamper—resistant device (like a smart card) in a way that the secret
is kept hidden from its owner. Even more, the usage of the device could require
a biometric authentication of the holder as comparing the fingerprint of the card
holder to the registered fingerprint.

It is clear that no system is absolutely non-transferable. E.g., a criminal can
kidnap his victim, “cut off his finger” and use the stolen smart card to make a
transaction. However, as each user is limited in the amount of coins he can spend,
to get a significant amount of money a criminal will have to do that procedure for
many persons. While everything is theoretically possible, we consider it unlikely.

A similar idea using non-transferability secrets has been suggested by Dwork,
Lotspiech and Naor in their construction of “digital signets” [9] in the context of
copyright protection for digital goods. The concept of non—transferable secrets is
probably useful in many other situations where one does not want the user “to
give something away”, and for anonymity controlled payment systems in partic-
ular. It may be desirable to add this feature to other existing payment systems to
make their anonymity control features stronger. We expect that many existing
payment schemes can be technically modified to achieve non—transferability. In
this paper we show how to add these features to Damgard’s on-line cash system,
and to Brands’ efficient off-line system.
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Jakobsson and M‘Raihi recently described an on-line payment system which
is account based [12]: users initiate fund transfers from their bank account to
another user’s bank account. Anonymity is achieved by a mix—network involving
banks and an Ombudsman by which fund transfers are processed. By its account
based nature, no “value” that could be transferred ever leaves the bank. Thus,
although the system was not designed to be non-transferable, the system has
strong non—transferability features by its very nature. Amount—limitedness can
be added easily to the system by restricting the amount of funds a user is allowed
to transfer per time frame. However the anonymity of transactions is revokable
by a quorum of banks (and Ombudsman), and the system is on-line.

2.3 Technical requirements

From now on we assume that the infrastructure provides each user with a non—
transferability secret and formalize the technical requirements that a payment
systems needs to have to make use of it:

Non—transferability :

— If a coin ¢ was withdrawn by A and c is spend by C, then C knows the
non—transferability secret S4 of A.

— Under no scenario of system events any coalition of polynomial time
players can learn any information about a non—transferability secret Sa
of a user not within that coalition.

Amount limitedness : During each time frame 7; each user U can spend at
most b electronic coins that were withdrawn by him.

We first note that amount—limitedness is very easy to achieve by restricting the
amount of coins a user can withdraw within a time frame. To avoid that users
spend coins that have been withdrawn during earlier time frames coins may carry
e.g. an expiration date and it could be enforced that coins are only used during
the time frame in which they were withdrawn. Yet, as argued, this property is
not of much use unless it is combined with the non-transferability property.

We now concentrate on the non—transferability definition. The first part of the
definition requires that a person who spends a coin knows the non—transferability
secret of the person who withdrew that coin. Thus, the non—transferability prop-
erty is useful in the real-world only when users are unwilling (or unable or both)
to surrender their non—transferability secrets.

The second part of the non-transferability definition requires that under
no chain of system events a non-transferability key is revealed. This definition
is more delicate than it first seems. Brands’ off-line system, e.g., is a system
where each user has a secret that normally remains statistically secure, and
is only revealed when a user double spends. Brands’ system does not achieve,
as it is, the non—transferability requirement as double spending is a possible
chain of events that results in the revelation of a non—transferability secret. This
is clearly not appropriate as a disclosure of the non-transferable secret may
cause serious damage for the user. Our off-line system achieves the above strict
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requirement. In particular, each user in our system has two secrets: one is the
non—transferability secret (that never gets revealed) while the other is revealed
whenever a user double spends.

3 System

The participants: users, merchants, a bank, a CA and the government.

Infrastructure: We assume there is a public-key infrastructure (PKI) in place
s.t. each participant holds a public/private key pair (P, Sy), there is a reliable
way to authenticate a user’s public key Py via a CA. We make the central:

NTA (Non-transferability Assumption) - We assume each user U has a non-
transferability secret Sy s.t. most users U will not do any action that will reveal
their non-transferability secret Sy to any other group of players.

Finally we assume that the bank’s and CA’s public keys are known to every-
body.

Time: We assume that there are consecutive time frames denoted 77,75, . ..
. (in our earlier examples the T;’s were consecutive months)

Amount—limit: We assume that there is a limit b, s.t. that each user is allowed
to spend b electronic coins anonymously during a time frame 7;.

Computing Power: All participants are probabilistic polynomial time players.

Trust Model: Users and merchants trust the bank not to steal their money.
The government (i.e. the party who is interested in controlling anonymity) trusts
the CA to reliably identify persons, and the bank to perform the necessary checks
(as described in the protocol) reliably during all transactions. The network is
reliable and communication over it is anonymous.

System Events: We focus on the following system events: Opening an ac-
count, withdrawing money, paying money to a merchant and depositing money
(or expired coins) at the bank.

We have the following requirements for our system:

Unforgeability: It is infeasible for any coalition of participants in the system
excluding the bank to create an amount of payments accepted by the bank that
exceeds the amount of withdrawn coins.

Non—transferability: is defined as in Subsection 2.3.

Amount limitedness: is defined as in Subsection 2.3.

Unconditional Payer Anonymity: A payer has unconditional anonymity,
i.e. transcripts of withdrawals are statistically uncorrelated to transcripts of pay-
ments and deposits.

4 A Protocol for an On—Line Amount Limited Cash
System

Our protocol is based on the system suggested by Damgard [6] with the correc-
tion suggested by [20]. At withdrawal time Alice receives a signature from the
bank for a coin M by employing a secure computation protocol that encodes
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the non—transferable secret of Alice in M, and at spending time Alice presents
M along with a proof that she knows a signature for it. We start with some
necessary background:

Digital Signatures: A digital signature scheme for signing messages M by
B consists of a (possibly randomized) polynomial time signature algorithm
o(M, Sp) which produces a signature of M using the secret key Sp of B and
a polynomial time verification algorithm V(e, M, Pg) which returns “true” iff
o is a valid signature for the message M w.r.t the public key Pp. For formal
definitions see, e.g., [11]. A signature scheme is history independent if an honest
signer can sign a message without knowing his previous signatures. Signature
schemes that are existentially unforgeable (cf. [11]) and simultaneously history—
independent exist under the random oracle hypothesis (cf. e.g. [21]), and under
the general assumption that one-way permutations exist [14].

Secure computation: Two players, Alice and Bob, hold private inputs x and
y respectively. If one way trapdoor permutations exist [26,10] then for any func-
tionality (fa, fp) there is a multi-round two party protocol s.t. Alice learns
fa(z,y) and Bob learns fg(z,y) with the following properties: Both players
have computational confidence in the result , Alice has perfect privacy and Bob
has conditional privacy . Furthermore the value f4(z,y) can be learned by Alice
only as the last message of the protocol. There is an efficient simulator which
can simulate the view of each of the players (cf. [10]), even in the presence of
early abortions and malicious faults.

4.1 The protocol

Opening an account: During account opening a user Alice identifies herself to the
bank (e.g. by a driver’s license or with a certificate issued by a CA). The bank
checks the authenticity of the user’s public key. The bank checks that Alice does
not have another electronic cash account by querying its database of registered
users. The bank registers the user’s identity together with the user’s public key.

Withdrawal: Alice identifies herself to the bank. The bank checks that the
amount of electronic coins withdrawn by Alice in the time frame 7; is smaller
then the maximal amount b. Alice chooses a random string R. Alice and the
bank engage themselves in a secure computation with perfect privacy for Alice.
The public data are P4, Pg, Time, Alice’s private input is S4, R and the Bank’s
private input is Sp. The outputs are obtained in the following way. First it is
verified that S4 is a secret key matching P4 and if not the output FAILED is
given to Alice and the bank, otherwise the bank gets COIN ISSUED and Alice’s
output is the bank’s signature o (S4 0o Timeo R, Sp).

After receiving the output Alice checks that this is indeed a valid signature
for M = S4 oTime o R. The bank deducts the value of the electronic coin from
her account and increases the number of coins withdrawn by Alice during the
time frame T} by 1.

!'In [14] even a computationally blind secure signature scheme is described. However
we do not need the blindness property for our protocol to work.
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Spending: Alice wants to spend a coin M = S4 oTime o R to a merchant C.
Alice sends R to the merchant. Alice sends R and the merchant’s identity Pc to
the bank. Alice and the bank again engage themselves in a secure computation
with perfect privacy for Alice. This time the public data are Pg, R, Time and
Alice’s private input is Sa,0 = 0(Sa oTimeo R). If V(0,54 0 Timeo R, Pg) =
True , i.e. if o is a valid signature of Sy o Timeo R the Bank’s output is VALID,
otherwise NOT VALID. If the output is VALID, the bank checks that R has
not been spent before, and records it in its database of spent coins. The bank
credits C’s account and sends C a notice that a payment for transaction R has
occurred to his account.

Depositing expired coins: Alice wants to deposit her unused expired coins to
her account. This is implemented in an analogous, obvious way. Alice identifies
herself to the bank. It is checked, via a secure computation, that Alice knows
the secret encrypted in the coin and that this secret matches the public key
registered with her account.

Notice that the bank does not know what signatures were produced and
therefore the t'th signature can not depend on the previous ¢t — 1 signatures,
which forces us to use history-independent signature schemes.

Theorem 1. The payment system described above achieves non-forgeability, un-
conditional payer anonymity, non-transferability and is amount limited.

Proof. The proof for non—forgeability is standard and follows the arguments in
[6,20]. We omit it here. Amount-limitedness is immediate.

Non-Transferability: Suppose Charlie is spending a coin. Then Charlie con-
vinces the bank with a secure computation that he knows some M along with
its signature o. It is easy to see that the coin must have been withdrawn before.
Let us assume it was obtained by Alice. At withdrawal time Alice had to posses
Sa,Time and Ry s.t. M = SpoTimeo Ry, and S4 matches Alice’s public key
P4. Hence, in particular, Charlie who knows M also knows S4 the secret key of
Alice.

Anonymity: We need to show that the distribution the bank sees at deposit
time 7p is statistically independent of the distribution at withdrawal time 7y .
What does the bank get at deposit time? By the privacy property of secure
computation the bank only gets to know a VALID/NOT VALID answer (so all
valid coins generate a VALID answer) and a value R which is statistically inde-
pendent of 7wy and all previous values seen by the bank. Thus 7p is statistically
independent of myy. The situation does not change even if some of the other
players collaborate with the bank.

O

In the next section we describe a refinement of this basic protocol for non—
transferable, amount-limited, electronic cash which allows for greater flexibility
in the use of the system.
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5 Anonymity Coupons

There are two disadvantages of the on-line amount limited cash system described
in the last paragraph. First a user has to deposit and exchange his expired coins
that he did not use during a time frame 7;. This gives the bank a good estimate
of the amount a user has spent during 7; and may be regarded as a privacy
violation. Second the amount limitedness property of this payment system limits
its use as a universal payment system, as a user’s total transactions using these
electronic coins can not exceed the limit b during 7;.

Both disadvantages can be solved with the following variant of the described
payment system that we sketch here briefly. To do this we introduce “anonymity
coupons”?. Coupons look like coins: they are of the form (Sa o Time o R), i.e.,
they encode Alice’s non-transferability secret and the time frame Time, together
with a signature 7' from the bank created with the bank’s coupon signature
scheme. However coupons do not carry any monetary value and a user Alice
obtains b = 10.000 of them at the beginning of each month for free. Their sole
function is to limit the amount a user can spend anonymously. Electronic coins
(that do carry monetary value) can be withdrawn without amount restrictions
for the user. Coins may carry an expiration date much longer then 7;. Coins, too,
contain Alice’s non—transferability secret. The spending protocol is modified as
follows: During payment Alice has the choice to make an anonymous or a non—
anonymous payment. In anonymous payments Alice pays both with a valid coin
and a valid coupon (and for that she needs, as before, to know the common non—
transferability secret imprinted in them). In non—anonymous payments Alice
reveals her public identity, pays with a coin only and proves that the non—
transferability secret imprinted in the coin matches her public key.

After having demonstrated the ideas and concepts of non—transferable,
amount—limited electronic cash in the framework of general computation based
payment systems we now turn to the description of a practical system.

6 An Efficient Off-Line System

We now modify Brands’ system s.t. double-spending does not reveal the non-
transferability secret of the user. In our system each user has one fixed identity
(Pa, Sa) where S, serves as the non-transferability secret and remains private
even in the case of double spending, and one per transaction secret (ui,us,s)
that gets revealed in case of his double spending. This results in some changes
to Brands’ system which we now describe. We mention that our modification
also makes the system overspending robust, i.e. even if a user double spent he
can not be framed for double spendings he has not done.

Let m’, g1,d1,ds,ds be elements of a prime order subgroup of Z,. We say
that a value m’ has a representation (a1, as,as,as) with respect to a set of
generators (gi1,d1,ds,ds) if m’ = ¢g7*d{*d3*dy*. Brands suggested a restrictive

2 see also [24], where unlinkable serial transactions were studied for some other possible

applications of our techniques.
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blind signature scheme such that after withdrawal Alice (and also any other
participant) can know only one representation of m’ and this representation has
to take a specific form. In our case it takes the form (sSa, sui, sus, s) where
S is Alice’s non—transferability secret, and uy, us, s are random numbers of her
choice. The blinded signature is received for m’ = m® where m is the message
sent to the bank. At spending time the payer has to reveal as+ cay for a random
challenge ¢, and to prove knowledge of a; = sS4 and a4 = s. jFrom this we can
deduce non-transferability, anonymity and more.

In our system S4 always remains private, even in the case of double spending.
The per transaction secret (u1,us,s) gets revealed in case of double spending.
Using s the bank can associate the double spent coin with the user who withdrew
it. We use a variant of Brands’ system that was suggested by Brands ([1] , pages
31-32, Method 1) and has the feature that double-spending reveals some parts of
the information the user has about the representation of the coin, while keeping
other parts secret. This results in a minor inefficiency by increasing the number
of rounds at withdrawal and payment time.

6.1 The protocol

Bank’s setup: p, ¢ long enough primes. p = cq + 1 for some integer c. G, is the
subgroup of order g of Z;. The bank picks random elements g, g1, d1, d2, d3 € Gy,
a secret © € G4 and computes h = g”. The bank uniformly selects hash functions
H, Ho from a collection of collision intractable hash functions. The bank makes
0,4, 9, g1,d1,d2,ds and its public key h public and keeps x secret. By convention
a - b is computed modulo p, except for exponents where g! = ¢! ™°d ¢ that are
computed modulo ¢ as g will always be taken from Gj.

Account opening: Alice identifies herself along with a number P4(= gP*),
and proves to the bank that S4 is Alice’s non—transferability secret. The bank
records Alice’s identity together with Py.

Withdrawal: Alice identifies herself to the bank. Then she picks u1,us €r Z,
and computes T' = dj'd3*. She sends T to the Bank along with a proof of
knowledge of a representation of T according to the generators (dy,dz) (Proofs
of knowledge of a representation are performed as described in [1]). Then Alice
obtains a “restrictively blind” signature [1] of m = T - P4 - d3. Alice will end
up with a Schnorr-type [23] signature on m’ = m® where s is a secret random
number chosen by Alice. We also require that m’ # 1. The signature is sig(m') =
(2/,a' 0, r") st g7 = RHm20a.0) and (m/)r = (2/)H0m2.0.0)p See Figure
1. We note that Alice knows a representation of m’ according to the generators
91,d1, da, ds, namely (sS4, u1s,uss,s). The bank records that user P4 obtained
a blind signature on m and deducts the corresponding amount from her account.

Payment: During payment Alice supplies the merchant with the coin
(m/, sig(m')). She receives a challenge ¢ € Z, and answers with as + caa,
where (a1, as,as,as) is her representation of m’ according to the generator—
base (g1, d1, da, ds). The protocol for this is identical to ([1] , pages 31-2, method
1). See Figure 2.
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Deposit: The merchant sends the transcript of the payment protocol execu-
tion to the bank and the bank checks its correctness. The bank checks that m/
has not been spent before and then credits the merchant’s account. If the same
payment transcript is deposited twice the bank knows that the merchant tries
to deposit the same coin twice. Otherwise if there are two different transcripts
for the same money, they reveal two different linear equations r = a3 + ca4 and
r" = az + c'ay. {From these two linear equations the bank computes ay = s.
Recall that m’ = m?® # 1, thus g /s,|and as ¢ is prime it follows that (s, q) = 1.
Therefore, using the extended gcd algorithm, the bank can compute a number
I st. s-1=1( mod q). Now, (m')! = m!s m°d ¢ = m_ The bank then searches
its database to find the transaction in which m was withdrawn, revealing the
identity of the double spender.

6.2 Security of the off-line system

For the security proofs we make the following (reasonable) assumptions, that
have been commonly used in security proofs for (variants of) Brands’ system.
We assume DLOG is hard and make the

Random oracle assumption : H, Hg behave like random functions.

Withdrawal protocol assumption : The withdrawal protocol is a restrictive
blind signature protocol, i.e. for the message m = g{'dj?d5*ds the receiver
obtains a signed message of the form ¢7**dj**d5**dj for a number s.

Theorem 2. Under the above assumptions, the system is non—transferable, un-
forgeable and allows to detect double-spenders. Single—spenders have uncondi-
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Fig. 2. Payment

Alice Merchant
m = gytdy*dy®ds* " ,sg(m ) Verify signature , m # 1
TD < Time/Date

ID < Merchant-ID

& c=Ho(TD,ID,m)
r:aﬁcm;
Alice proves knowledge
of representation
m d
of a w.r.t. (g1,d1, é)
d

tional anonymity. If a user double spends his identity is revealed, but no knowl-
edge is gained about his non-transferability secret key. If, in addition, Alice is
required to sign each interaction during withdrawal, then no polynomial time
bank can falsely accuse her of double spending she has not done.

Proof.

Unforgeability: Schnorr-type signatures are unforgeable under the random or-
acle assumption [21]. Brands showed that this implies that it is infeasible to
existentially forge a coin [1].

Anonymity: If a user spends each coin once, then the information that the
bank gets to learn includes: T' and ¢ at withdrawal time, m’ and sig(m’) along
with 7 on spending time and proofs of knowledge of a representation. Proofs of
knowledge of a representation do not reveal, in an information theoretical sense,
any information about the representation the user has. We next observe that
until 7 is revealed the bank gets to see only 7" and has no clue as to the actual
representation 7' = d}*dy?* the user has for it. Thus, from the bank’s point of
view, ug and hence r = suz + ¢s (for a known ¢) is uniform and independent of
all other values. We are left with T, ¢, m’ and sig(m’) that participated in the
signature generation. However as the signature scheme is unconditionally blind
we have that ¢ and T are independent of m’ and sig(m’) as required. Thus the
withdrawal and spending transcripts are statistically independent.

The non-transferability secret is protected: The non-transferability secret is
protected even when a user double spends. To see that notice that the only place
a user Alice uses her knowledge of S4 is in the payment protocol where she gives
a proof of knowledge of a representation. However, this proof of knowledge,
provably does not reveal any information about the actual representation Alice
knows. All the rest can be simulated with the knowledge of P4 alone, and the
bank can simulate it itself. Thus the bank does not get any information that he
could not have obtained from P, itself.

Double spending: First, because of the unforgeability property, when a user
Alice double spends she uses a coin m’ that has been withdrawn before, let us
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say w.l.o.g. again by Alice. As all players (including the bank) are polynomial
time players they can not find two different representations for any number in
G4 (unless with negligible probability) and in particular, Alice knows at pay-
ment time at most one representation (a1, as,as, aq) of m’ with respect to the
generators (g1, d1, da, ds). As the signature scheme is restrictive the representa-
tion Alice knows of m’ has the form (sby, sba, sbs, sby) where (b1, ba, b3, by) is the
representation of m = T'Pads. Now we note that Alice knows a representation
of T with respect to (di,d2), let’s say this representation is (u1,us2). Hence Alice
knows a representation (S4,u1,us,1) of m, and as we noted before, this is the
only representation Alice knows for m. We conclude that by = 1 and a4 = s.

If Alice convinces the merchant at payment time, then (except for negligible
probability) she has to reveal az + cayq by the the soundness property of the proof
of knowledge protocol. Now, if Alice double spends the same coin appears in two
payment transcripts with two different linear equations, and a3 and a4 = s are
revealed. In particular s is revealed and the bank can find m from m’ as described
in the protocol. Finally, the bank has full knowledge as to who withdrew m.

Non—transferability: If a user Charlie spends a coin m’ this coin must have
been withdrawn before. Let us say Alice withdrew the coin. As before, Alice
knows a representation (sS4, su1, sus,s) of m’ with respect to the generators
(91,d1,da,ds). By the properties of the proof of knowledge of a representation r
must be az+cas. We further notice that Alice knows a representation (a1, az, a4)

of - with respect to the generators (g1, dj, %). Charlie also proves he knows
2 2
ds

a representation of :l"—g with respect to (g1, ds, d
nomial Charlie (in coalition with other players including Alice) can only know
one representation (ai,as, as), as polynomial players can know at most one so-
lution to the representation problem. Hence, he knows ay = s and a1 = sS4,
and Charlie knows Sy4.

Framing—freeness: If the bank claims Alice double spent m’ = m?® it has to
present the signature Alice gave for m. Therefore, if the bank claims Alice double
spent m’ = m?, then indeed Alice withdrew m and Alice knows a representation
(by = sS4, sui, suz,by = s) of m’. As we assume the bank is also polynomial
time the bank can not know any other representation for m/'.

Now to prove double spending the bank also has to show two different tran-
scripts for the deposit of the same coin m’. However, to show a valid transcript
the bank has to answer a random challenge it has no control of (because of
the random oracle assumption). We already showed that for a polynomial time
bounded machine this amounts to the knowledge of b; and by and hence of Sy4.
Thus, a polynomial time bank can not falsely accuse a user of double spending.

Finally, the bank can implement time frames by using different generator
tuples for different time frames.

). As all the players are poly-

7 Defenses against Attacks and System Abuses

In this section we discuss how amount-limited and non-transferable payment
systems help to defend against several attacks and abuses of payment systems.
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Anonymous blackmailing : The anonymous blackmailing attack was intro-
duced by van Solms and Naccache in [25]. The major benefit of amount limited
non—transferable electronic cash is that private person to person blackmailing
involving large sums of electronic cash is now impossible as a blackmail victim
can withdraw at most 10. 000 $ per month. The cooperation of the powerful
player of the bank is needed. The bank has its own interests and is unlikely to
surrender. We do not claim blackmailing for electronic money becomes impossi-
ble. We do claim, however, that it becomes extremely more complicated and that
it can be handled and controlled by policy decisions of bank and government.

Money laundering : The non—transferability and the amount limitedness fea-
ture of the system assure that the overall amount of tradable electronic money
in the payment system is small. A consequence of this is that in order to move
large funds anonymously around (e.g. from one country to another), the cooper-
ation of many users is necessary who withdraw the needed amounts of electronic
cash from their account and is thus probably impractical. Important traditional
money laundering detection techniques like the observation of bank accounts
that have a transaction activity bigger then the business of the account holder
would justify may help to detect these type of suspicious activities.

Bribery : Suppose Alice wants to bribe Bob. As our system is non—transferable
coins that have been withdrawn from Alice’s account can only be spent by a user
who knows Alice’s non—transferability secret. Unless Alice is willing to reveal her
non-transferability secret to Bob coins withdrawn from her account can not be
used by Bob. Our system can not easily be made payee anonymous.

Purchase of illegal goods : As the system is amount-limited consumers may
buy their weekend dose of cocaine with the system anonymously, however it is
not possible to buy a pound of cocaine with it. A society might tolerate these
“minor” abuses of electronic payment systems as it already does today with
physical cash.

Bank robbery attack : This very strong attack where the secret key used by
the bank to sign coins is compromised was introduced and defended against in
[13]. The system that we describe in this paper does not defend against this
attack.

It has been pointed out before in [12] that the vulnerabilities of several
electronic payment systems to the bank robbery and the blackmailing attack
have been a consequence of their usage of (blind) digital signature techniques.
In [22] the authors describe an amount—limited and non—transferable payment
system that does not rely on blind digital signature techniques and strongly
defends against the blackmailing and the bank robbery attack. This shows that
the vulnerabilities to these strong attacks are not a consequence of the anonymity
features of electronic cash systems but rather of the technologies that have been
used to implement them.
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Abstract. We analyze “coin-wallet” and “balance-wallet” under partial
real-time audit, and compute upper bounds on theft due to the fact that
not all the transactions are audited in real time, assuming that every-
thing else is perfect. In particular, we assume that the audit regime holds
for innocent players. Let v be the maximum allowed balance in a wallet,
0 < p <1 be the fraction of transactions that are audited in real time
in an audit round that includes overall n transactions. Assume one unit
transactions. We show that for p << 1 the upper bound on expected
theft for coin-wallet is 6“2271 (which if v << p~? becomes (6“2 -1,
while for plausible parameter choice the bound for a balance-wallet is
O(exp(v®/n)). This last bound can become huge in some cases, implying
that partial audit, while suitable for coin-wallets with low denomination
coins, may be too risky for balance-wallet. Some implications to the de-
sign of anonymous and non-anonymous systems are discussed.

Keywords: Cryptography; e-cash, randomized-audit, risk-management,
economy.

1 Introduction

1.1 Background

We use the term “coin-wallet” (in short c-wallet) for a device in which individual
fixed value coins are maintained, and “balance-wallet” (b-wallet) for a device in
which only the total value available is maintained. We analyze those systems
separately, even though real devices can (and probably should) support both.
Processing cost of a transaction must be very small compared to transaction
value. For micropayments this may become a challenge. One way to save on
transaction processing costs is to use off-line systems, where the bank is involved
only in large batch processing during withdrawal and deposit, but is not a party
in ordinary payment transactions. This approach requires HW wallets that are
very hard to break. Reasonably priced consumer electronics devices (e.g. smart
cards) are not very hard to break. Alternatively, a payment system can be fully
on-line, where the bank is involved in every transaction. On-line systems have a
much higher processing cost per transaction. On-line and off-line e-cash systems
are at the ends of a spectrum characterized by audit sampling rate, 0 < p < 1.

M. Franklin (Ed.): FC’99, LNCS 1648, pp. 62-71, 1999.
(© Springer-Verlag Berlin Heidelberg 1999
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A system is sound if its breaking cost exceeds the expected theft (theft is due
to the fact that possibly not all transactions are audited). On the plane audit
rate Vs. breaking cost we want to explore the continuum along which soundness
is maintained. The hope is that for some realistic breaking cost we can find the
required sampling rate to assure soundness, and that this sampling rate is small
enough so that the system is much cheaper to operate compared with a fully
on-line system.

We show that under the assumption that a constant audit sampling rate
u is enforced (along with some other common assumptions about trust and
cryptography, and some reasonable assumptions on parameters sizes) the tight
upper bound on the value of theft, T, from one broken coin-wallet is E(u) ~
(6“2 — 1)1, measured in the units of coins. This approximation agrees with our
intuition. For example, for u = 0 there is no audit at all, hence theft can go to
infinity (E(u) is not defined), while when all the transactions are audited in real
time (u = 1) theft goes to zero, and in this approximation we get 1/(e—1) ~ 0.58
coin, which is close enough.

For “Balance-wallet” with similar parameters the upper bound on expected
theft, E(u1), can be O(exp(v? /n)) which in some cases can become huge. Implying
that when partial audit is desired, Coin wallets are much safer.

The meaning of 0 < p < 1: Every wallet has its source of randomness that
dictates audit with probability p. When the current transaction is audited the
payee must connect to the auditor and the transaction is processed in real time.
Other transactions are batch-processed when a wallet reaches its maximum al-
lowed capacity at which point it must deposit. The system is designed so that
the cost of subverting the audit process of honest payee exceeds its maximum
allowed balance, thus we can rule out this case. If a crooked payer colludes with
a crooked payee we lump them together into one crooked node (for the sake of
gain — loss considerations).

We use Cp to denote the overall cost of subverting a wallet. C'z may be
composed of several components, such as a damage-deposit, the cost of breaking
the hardware of a wallet, the cost of a false identity, etc. A pure software e-cash
system may be sound, even if not fully audited. As mentioned before, an e-cash
system is sound if Cp > E(u). On the sampling rate Vs. breaking cost (i, Cp)
plane there is a continuum connecting the points (1,0) and (0,00) along which
soundness is maintained. This property is independent of other characteristics,
such as anonymity.

Consider the economies of the thief, and of the bank. We assume that the
players behave rationally, so in a sound system we have zero theft. If operations
costs of a fully audited wallet through its lifetime is C),, then we estimate that
when only a fraction p of the transactions is audited in real time, the operating
costs become roughly Cp. The cost of fortifying the wallets (to achieve a large
enough Cp) should be smaller than the reduction in operating costs, Cp(1 — p).
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Example: Suppose a smart card that costs $1 to manufacture, creates a
breaking cost of over $100. Then for 1 cent coins a sampling rate of u = 0.01 is
sufficient to create an upper bound on theft of E(0.01) ~ $100, and the system
is sound.

Suppose the life span of a wallet is 2 years, and a user does 100 transac-
tions per day (say 1 cent per article on the web). That’s about 105 transac-
tions throughout the life of the wallet. The break-even condition for the bank
is Cp = $1. So, if overall processing cost of a transaction (including communi-
cations, DB processing, signature verifications, etc.) is < $1075 (i.e. a millicent)
then the move to partial audit doesn’t make sense. If the overall handling cost
per transaction is higher than a millicent or if the market adopts smart cards
for other reasons, then partial audit makes economic sense.

Implications to the design of anonymous e-cash systems: Anonymous
e-cash systems are usually c-wallet systems, with the property that the identity
of the user remains hidden on the condition that he spends each of his coins at
most once.! This is the intent of the design, but, of course, a malicious user can
subvert the system and open her account under a false identity. If false identities
are not too expensive to acquire (as indeed is the case) then in fact we should
expect a rational thief to do just this. Then the total effect that we achieve
with those systems is an increase in the overall breaking cost, C'g, by the cost
of a false identity?. This is a positive effect in the fight against crime. However,
soundness (E(u) < Cp) can be achieved easier by increasing the audit sampling
rate, u. For example, for c-wallet, £(0.01) ~ 10,000, while £(0.02) ~ 2, 500.

We do not have to expose a true identity in order to revoke a misbehaving
wallet. Also, we do not have to design total unlinkability among transactions
coming from any single wallet. Controlled linkability, where a user can cut linka-
bility at his discretion is sufficient (and is much cheaper). With these guidelines
it is possible to design a coin-wallet system in which each of payment, with-
drawal, and deposit costs just one signature, where in the cases of withdrawal
and deposit this is amortized over a whole batch (of any size). This is true for
anonymous and non-anonymous systems.

In the case of a pure software anonymous system, which is not fully audited,
some form of conditional anonymity may make sense since the added component
to Cp may be important. Pure SW e-wallets cannot have a large breaking cost,
therefore, to assure soundness, coin value must be small.

Related work on e-cash (with emphasis on randomized audit): The first
balance-wallet is described in [4]. Paper [0] is the first known to me that proposes
the use of randomized audit with e-cash systems. Papers [7] and [10] started the
analysis of risk-management aspects of randomized audit on e-cash systems. The
first analyzes balance-wallets, while the second discusses coin-wallets, and finds
the probability of failure to detect fraud for a burst attack (the optimal attack,

So, we call this conditional anonymity. In the literature it is usually called ”un-
conditional anonymity.”

2 In the case of wallet revocation, the cost of the wallet itself is also added to Cg.
This is true for non-anonymous systems as well.
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as shown here, is a “trickle” attack). [12] proposed a payment system based on
lottery tickets. In [14] another randomized system is presented, where the pay-
ees do not always pay (in [12] they always pay, but the payee does not always
deposit). Papers [2], [3] pioneered the research on conditional anonymity. Later
papers along these lines include [5], [9], [10],[11], [15].

1.2 Assumptions

1. Banks, auditors, and certification authorities are honest, and cryptographic
signatures are unbreakable.?

2. The First Depositor of a coin Wins (FDW),

3. Audits happen in rounds. If a payer is detected as misbehaving, and is re-
voked before or during the current round then all of his transactions in the
current round are invalidated.

4. A uniform distribution of randomized audit is enforced on all the honest
players.

The last item is difficult to approximate. We hint at a possible approach in the
appendix. The idea is to design the system such that the cost of subverting
the audit process of honest payee exceeds the maximum allowed balance in a
wallet. Since this cannot violate soundness this subversion can be excluded from
consideration.

1.3 Glossary

— ADW: All Depositors Win reimbursement policy,

— Alarm threshold: A real value z > 1, such that a B-wallet is signaled as a
potential violator if the total value of audited transactions exceeds vuz,

— a = nu: The total number of audited transactions out of n (see n below),

— B-wallet, c-wallet: balance-wallet, coin-wallet, respectively,

— Cp: Total breaking cost of a wallet,

— ACRL: Update to Certificate Revocation List,

— E{T}: Expected theft,

— FDW: First Depositor Wins reimbursement policy,

— h: {0,1}>° — {0,1}™ Hash function (assumed to behave like a random
function),

3 These assumptions may seem too strong, but if we want users to be able to withdraw
money from their bank accounts, and vendors to be able to deposit into their bank
accounts, then we must trust that banks do not steal from those accounts. Likewise,
we must trust that CA is honest, so that user A cannot impersonate user B, when
talking to the bank. If risk management relies on some audit process, as advocated
here (and as done in any quality control) then the auditor must be trusted. Finally,
it is convenient to assume that cryptographic signatures are unbreakable, since cur-
rently, to the best of our knowledge they are by far the most reliable element in any
protection system.
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— k-off C-wallet: A C-wallet in which a coin may change & hands before it must
be deposited,

— p: Audit (constant) sampling rate,

— m: Multispending factor, a wallet with initial balance v, which spends s, has
a multispending factor of m = s/v,

— mp, m.: The value of the optimal (for the adversary) multispending factor
for B-wallet and C-wallet, respectively,

— n The total number of transactions in the sample space,

— qp(m), g.(m): Failure to alarm probability for B-wallet and C-wallet, respec-
tively, for multispending factor m,

— qp1 : False alarm probability for B-wallet,

— v: The maximum balance in a wallet,

1.4 Structure of the rest of the paper

The analysis in 2 is done under the assumption (among others) that the audit
regime is enforced on all unbroken payees. In 2.1 we tightly upper bound the
expected theft. In 2.2 we analyze balance-wallet under similar conditions, and
find both the false alarm and the failure to alarm probabilities. We argue that
in a b-wallet the false alarm probability must be extremely small, and show that
under these assumptions expected theft may be in some cases a few orders of
magnitude higher than for a c-wallet system. Finally in the appendix we give an
example of a system that approximates the theoretical model. In this example
all the transactions have to wait the same time, however, the infrastructure is
cheaper, since it has to accommodate only the audited transactions in real time.

2 Analysis

2.1 Coin-wallet

A thief spends v original coins, where coin ¢ is multispent m; > 1 times, i =
0,1,...v— 1. in one audit-interval, after which the auditor takes a fraction p of
samples for an audit, out of a total of n transactions. Let a = npu.
Failure to alarm probability for a given wallet, W:
g.=Pr[none of the (multispent) coins is audited more than once].
1 m

2~ [1i20[X5= ( J) (L= ™) = TS = )™+ mapa(L = )™ ]

=I5 [t = )™= (L4 p(mi = 1))

Lemma 21 For a fized fraud volume (i.e. fixred value of Z:):_ol m; ), the choice
of a uniform value for m for all coins mazimizes q.. In that case we denote it

gc(m)

Proof:
Consider the case v = 2 (i.e, just two original coins). Let my # my. We

compare [];_o(1 — )™~ - (1 4 p(m; — 1)) to [(1 — )™ 1 - (1+ p(m — 1))]2,
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where m = (mo + m1)/2. One can easily see that if mg > 1 and m; > 1
then (1 — p)™ 1. (1 — )™=t = [(1 — w)™ 1], and that if mg # m; then
(14 p(mo — 1)) - (1 + p(my — 1)) < (1 + p(m — 1))2. This implies that the
adversary is better off replacing my and m; with m.

The case v > 1 follows likewise. If any two coins, 4,j with m; # m; are
replaced with two coins with the same m = (m; + m;)/2 then we know that ¢,
increases. We can repeat this process until all coins have the same m, changing
one pair at a time.

This technique could also be used to show that Information-Theoretic entropy
is maximized for a uniform density. |

For m << p~! q.(m) ~ [(1 — (u(m — 1))?]?, which for v << (u(m —1))"2 is
ge(m) ~ e~ (u(m=1))%v

Lemma 22 For v << (u(m —1))72, q.(m) is mazimized for m = 2.

Proof: g.(m) ~ e~ (n(m=1)%v £ (ge(m)) = —2p*(m — 1)v - e~ (m=1))*v_For

m > 1 the above is negative. Hence the smallest m > 1 maximizes g.(m). The

discrete case behaves similarly. For a c-wallet m must be an integer, hence m = 2

maximizes ¢.(m). m|
Let E{T'} denote the expected theft in the following experiment:

Experiment 21 In each audit round, as long as he is not revoked, the thief
withdraws v fresh coins, and multispends each m times.

B{T} = (m = 1)v 3272, a:(m)’ = (m — Lol

1_QC(m)

Lemma 23 Form > 1, if v << (u(m — 1))~2 then - (E{T}) < 0.

—(u(m—1))2v «(m m—1)v
Proof: Plug g.(m)~e~#(m=D)"v into B{T}=(m—1)v 1zq(c(r)n) = eﬂu((m,l)))gv_l.
Clearly the m in the exponent of the denominator dominates the m in the
nominator, so that E{T'} is maximized for the smallest m > 1. |
Conclusion: Homogeneous m = 2 maximizes EF{T}. In this case ¢.(2) =~
uZe
[1— p?]°. If p << 1 then ¢.(2) ~ e=H*v and E{T} =vit—m = oot

Let € = et” —1. If 4 << 1 then € << 1. In addition, note that our assumption
that v << (u(m — 1))72 becomes v << p~2 when m = 2, and it implies
also v << ¢, which in turn implies (1 4+ €)” ~ 1 + ev. Under these conditions

B{T} = oot = a1 ™ e~t. We proved:

Theorem 21 The upper bound on theft for audit rate p << 1 is E{T} =

ﬁ. If in addition the mazimum allowed balance in a wallet v << p=2 then

E{T} = (e¥" —1)~1.
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2.2 Balance-wallet

Let W be a wallet under consideration, with maximum balance v, and over-
spending factor m. Suppose that in a given audit interval there are overall n
transactions, and the uniform audit rate is p. Transactions have uniform value
of one unit.

Alarm policy: Declare wallet W guilty if in an audit interval the number
of samples coming from W (denoted S) exceeds vux, where x > 1 is real. The
assumption here is that within an audit interval a wallet cannot both spend and
withdraw (to replenish its balance).

Define a = np and let X;, ¢ = 1,2,3...a denote mutually independent 0-1
random variables. X; = 1 iff audit ¢ came from W. Pr[X; = 1] = p(m) = mv/n
and Pr[X; =0]=1—p(m). S =37 | X;. We define:

False alarms probability: qy1 = Pr[S > vux | m = 1], and

Failure to alarm probability: gy(m) = Pr[S < vux | m > 1].

False alarms: Define 6; = vp(z—1). Then from Chernoff bound ([1] Th. A4)

g1 = Pr[S > vuzx] < e20i/a,
So, z must be somewhere in the range 2 < x < 15, where the lower bound
on x corresponds to roughly 4% annual revocation rate, and the upper bound
corresponds to practically zero false alarms. The upper bound is needed if we
want to actually accuse someone of theft. The lower bound is sufficient if a bank
revokes a wallet that seems to misbehave, without making any accusations. In
this case the bank provides a free new wallet, and “eats the losses.”

Failure to alarm: For 1 < m < z define d = vu(x — m). g(m) = 1—
Pr[S > vua], Pr[S > vux] < e=2%/2 So, q,(m) > 1 — e~202/2_ As before, in the
case of c-wallet, F{T} = (m — l)vlibq(;(r?n), o

1— 6_253/(1

E{T} > (m —1)v = (m — 1)v(e2%/* — 1),

6—25% /a
In some circumstances 265 /a = v?(x — m)?u/n can be >> 1. For example, it is
plausible to have (x —m)?p ~ 1. In that case E{T} = O(exp(v?/n)) can become
huge (in contrast, for c-wallet we have E{T} = which goes down as v

goes up).
The audit anomaly of B-wallets: The expression

v
6“2”—1’

E{T}=(m— 1)1/(62(””(95_”‘))2/“ —1)=(m-— 1)1,(62%N(I—m)2 ~1)

is troublesome. Theft is monotonically increasing in the audit rate p and in v,
which seems crazy, but is true. Once m < z an increase in u reduces the right
tails, but increases its complement, which is the failure to alarm for m < .

If we compensate with = (the alarm-threshold) for the increase in p so as to
keep false alarm fixed, then as pu goes up, x decreases. Once x < m everything
at once goes back to normal (the failure to alarm probability becomes a small
left tail as we’d like it to be).
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3 Practical Considerations

3.1 Example attacks

Attacker monitor payees interaction with auditor. He multispends a coin (not to
the same payee) until it is sent for audit. Then he goes on to next coin.
Solutions:

1. Engineer the system so that monitoring cost per payee > max allowed bal-
ance, v (payee must deposit when v is exceeded), or
2. Payee delays all transactions by the same amount®.

3.2 Anonymity

Conditional anonymity (user-ID € coin) Conditional anonymity increases
the overall “breaking cost” Cp by the cost of a false identity. If we want Cj, >
E{T} for c-wallet it is easier to achieve by reducing E{T'} via a tiny increase
in p.

Conditional anonymity (Machine-ID € coin) If user cannot change
machine ID (and still have it certified) then the above argument doesn’t hold.
However, a simpler system is using machine-pseudonym changeable by the user
at will®.

Attack: Multispend then quickly change pseudonym.

Solution: Pseudonyms are changed in one time interval (say around mid-
night GMT). CA and auditor compare notes, and allow the change if machine
in good standing. Audit is slowed in that time interval. Only Auditors and CA
need be synchronized.
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4 Appendix A: An Approximation of the Theoretical
Model

One of our basic assumptions in the body of this paper was that the audit regime
is correctly enforced on all players. The auditor is a new player in cryptographic
games, and we need to consider attacks against it. In this appendix we briefly
outline provisions needed in the system which enforce a reasonable approxima-
tion of this assumption. Clearly, we cannot force a bunch of broken wallets to
comply. However, we can design a system, where we can eliminate attacks on
the audit process of non-colluding payees, and then eliminate patterns of misbe-
havior of the colluding payees. In our case all the eliminations are grounded on
economic considerations. A behavior which doesn’t make economic sense from
the attackers point of view is eliminated. Thus we ignore vandalism. This justifies
the assumption that the audit regime is enforced.

Let ACRL denote updates to Certificate Revocation Lists (with a proper
design a CRL for the whole USA may be on the order of 1 MByte; so many
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hand held devices can store it). = denotes broadcast, < denotes transmissions.
Zi, Tit1,.. denote audit instructions. We assume they are randomly generated
in each wallet. 7,7, T, denote signed hash trees ([]) for “good” and “bad”
transactions that were audited in round i; trans = transaction. Recall that we
assume that all communications are cryptographically protected for secrecy and
integrity (and omit the mechanisms from this description).

A typical audit round may look like this:

Auditor Payee
(ACRL; 1, T, |, T, )) =

If h(trans) = x;—1 then
— (trans)

(ACRL;, T}V, T;) —
Conclude current trans if
payer not revoked, and for

audited trans, trans € Ti+.

Table: Round i of the audit protocol

Note that in this approximation both audited and non audited transactions
have the same one round delay before completion (we still benefit from random-
ized audit in terms of load on the infrastructure; there are other approximations
which allow non-audited transactions to conclude immediately, but they are
riskier). As before, we assume that the First Depositor Wins (FDW).

This approximation requires some more assumptions about the system. One
major assumption is that the amortized cost of subverting the audit process of
a non-colluding payee (denoted c¢) exceeds the maximum allowed balance in a
wallet, v. This leads to the convenient conclusion that for economically motivated
adversaries, non-colluding payees are within the audit regime.

It should be noted that the cost of subverting the audit distribution of non-
colluding payees may vary among different systems. At the lowest end, for or-
dinary Internet connections, it may go as low as $10.-. For other systems it can
become practically impossible to subvert non-colluding payees.

The Simple Attack Observation for non-transferable coins:

It is sufficient to consider a simple attack in which one broken payer pays out to
(unlimited) number of non — colluding payees.

Reason: We only care about the total adversarial revenues of any colluding
set, i.e. about how much they can gain when paying out to non-colluding payees.
Since coins are not transferable, each broken payer must independently pay out.

Recall that the payees dictate audit distribution, and payers cannot influence
it (thus we do not need to ask that bad payers comply with audit distribution).

A similar observation holds for systems with transferability (and even with
All-Depositors-Win policy), however, the arguments become more complex, and
this is beyond the scope of this paper.
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Abstract. In this paper, we discuss a process to evaluate the effectiveness
of counterfeit detection systems for an electronic cash scheme which is not
fully accounted (i.e., off line, peer to peer transactions are allowed, and no
shadow accounting for each purse). The process includes a use of a micro
dynamic simulator to simulate various counterfeit scenarios (in addition to
testing on the actual non-counterfeit transaction data sets from the real
deployment) and generate transaction data sets for detection systems to use
for the counterfeit detection systems training and testing. A case study of
preliminary test results related to the effectiveness of the detection systems
in a simulated counterfeit scenario is also provided.

1 Introduction

Effectiveness of various counterfeit detection systems is one of the most critical
concerns for smart card based electronic cash community. As discussed in the
assessment of overall threats for smart card based electronic cash [Ezawa &
Napiorkowski, 1998]', it is an enormous challenge for the counterfeiter’s inject
sufficient amount of counterfeit values to obtain economic benefit due to
organizational, human behavioral, and technological barriers. = None-the-less,
prudent risk management requires installation of various risk management
systems and a sound scheme governance structure in the event of counterfeit
activity in the future.

In this paper, we discuss a process to evaluate the effectiveness of counterfeit
detection systems for an electronic cash scheme which is not fully accounted

It found that counterfeiter’s challenges are both strictly technical as well as of
organizational and behavioral nature, and go well beyond the security break, a
formidable barrier itself, but only the first barrier to be broken. It discussed how a
global smart card based electronic cash product (such as Mondex electronic cash) using
various security, risk management capability, and taking advantages of other natural
human and organizational behaviors prevents the counterfeiter from achieving its
ultimate goal.
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(i.e., off line, peer to peer transactions are allowed, and no shadow accounting
for each purse).

The process includes a use of a micro dynamic simulator to simulate various
counterfeit scenarios (in addition to testing on the actual non-counterfeit
transaction data sets from the real deployment) and generate transaction data sets
for detection systems to use for the counterfeit detection systems training and
testing. A case study of preliminary test results related to the effectiveness of the
detection systems in a simulated counterfeit scenario is also provided.

The paper describes the effectiveness of detection systems based on the
simulated counterfeit attack scenarios. The use of simulation is an absolute
necessity due to that fact that actual counterfeit transaction has not been
encountered, and at the same time, the detection systems have to be developed,
deployed, and tested their performance in the event of counterfeit attack.
Simulation allows us to evaluate the effectiveness of the detection systems
quantitatively, and validate the system performance.

The paper is organized as follows. Section 1 describes the evaluation process.
Two counterfeit detection systems, the currency monitoring system and the
merchant monitoring system are selected for the demonstration of this process.
It discusses overall integrated approach to evaluate these two systems
performance. Section 2 discusses the case study of a simulated counterfeit
scenario. Section 3 summarizes the discussion.

2 Evaluation Process and Two Counterfeit Detection Systems

First, we briefly discuss the characteristics of electronic cash based on smart
card. There are many different variety of such products, and we discuss only a
special variety which allows off-line transactions without central clearance.

2.1 Global Smart Card Based Electronic Cash Product

The global smart card based electronic cash product such as Mondex electronic
cash is designed for the efficient electronic cash payment transactions. It
performs purse (chip) to purse (chip) transactions without central authorization.
It has strong security and risk management to prevent, detect, contain, and
recover from potential counterfeit activities. It has many on-chip capability and
features such as physical security, cryptographical security, purse class structure,
purse limit, on-chip risk management capability (e.g., credit turnover limit), and
migration’. Security issues related to Mondex electronic cash application are
discussed in [Maher, 1997].

Ideally, a smart card based electronic cash scheme, a substitute for “real”
money, should parallel the existing money supply and banking system. Therefore
such a scheme would include a currency “originator” (equivalent of central
bank), and “members” (commercial banks and other financial institutions with

2Tt involves switching of one public key scheme to the other.
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their branches). There are merchants who transact with consumers and
members, and consumers transacting with other consumers, merchants, and
members.

Figure 1 shows a high level representation of layers of risk management
capability and a scheme governance structure. It provides multiple level of
monitoring capability. It starts with on-chip (on the smart card) risk
management capability on the consumers and merchants cards. At the member
(financial institution) level, its issued cards (i.e., consumer and merchant)
transactions to the financial institution are fully accounted and monitored. We
show one of the risk management monitoring system, the merchant monitoring
system’s performance in the section 2. Above the financial institutions, there is a
currency originator. One of the risk management monitoring system for the
originator is the currency monitoring system. We demonstrate its performance
in the section 2. At the top of currency originators resides a global risk
management that monitors the activities of various currency originators.

Global
Risk Management
Global
Originator

Territorial
Risk Management Currency
Originator
Regional/Local
(Merchant & Consumer) Financial Institutions
Risk Management
On-Chip Risk Management Consumers / Merchants

Fig. 1: Multiple Levels of Scheme Governance and Risk Management

2.2 The Risk Management Challenge.

The risk management challenge is to provide a methodology that allows
maximization of the net income earned from the float of the electronic cash.
This goal can be reached by providing a method to select the best risk
management tools from a pool of existing systems and determine values for all
available parameters for those tools and other scheme variables.
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2.3 The Evaluation Process:

The risk management systems are evaluated using two-stage process. The first
stage is the optimization process with given counterfeit attack scenario, time
period and risk management tools being evaluated. The best possible behavior
of the system is determined.

Prevention,
Detection, SIMULATION
and Response

Simulator

Detection Modules

CTL

Purse Limits

Counterfeit Scenario,
Timing,
Business Rules

Objective Function

Detection
Confidence

Intervals - OPTIMIZER «

Fig. 2: Optimization Stage of the Evaluation process.

The optimization process utilizes Mondex Micro Dynamic Simulator described
later in the paper. The objective function maximizes net income defined as

Net income (7,FS) = Float income(x | 7, FS) - Redeemed counterfeit value(x | 7, FS) (1)

Where FS - given counterfeit scenario
T - given time period.

The Optimizer software is not available at this time. Series of simulations are run
and the set of variables yielding the best value of the objective function is
selected as an estimation of the optimal solution.

The second stage of the evaluation process contains two steps. The risk
management system under the normal environment (i.e., no counterfeit
activities) is evaluated in the first step. It uses actual electronic cash transaction
data sets from various territories of the world to test the effectiveness of the risk
management system. Standard statistical estimates and performance measures
are collected (e.g., goodness of fit, etc.) The risk management systems were
initially designed and developed using the experience of actual electronic cash
behaviors and transactions. Hence it is natural to expect the systems to perform
well in the normal environment, and they actually do.
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The second step is the evaluation of risk management system under various
simulated counterfeit attack scenarios — not necessary close to the one used
during the optimization stage. This paper focuses on this part of the process. As
we discussed, the actual counterfeit attack has not been taken place, and no
actual counterfeit attack transaction record is available. One of the ways to test
the risk management system is based on the use of the simulator. Note that for
the risk management system to be effective, it has to demonstrate it functions
well under the normal as well as the counterfeit attack environment.

Counterfeit Threat Scenarios Normal Electronic Cash

/

Translation to
Simulator Input &

‘

Simulator Run(s) | Simulation Results

Simulator Transaction Data
Currency Monitoring Merchant Mopitoring
System Testing System Testing
Currency Monitoring Merchant Monitoring
System Results System Results
Performance
Evaluation ¢

Fig. 3: The Evaluation Process in the Simulated Counterfeit Attack Environment
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Figure 3 shows the evaluation process in the simulated counterfeit attack
environment.

First, the normal electronic cash economy related parameters (which are
estimated from the actual transaction characteristic information from various
territories of the world and/or surrogate/substitute transactions characteristic
information) are used to set up the normal simulated environment. At the same
time, a specific counterfeit attack scenario is provided to the simulator.

The simulation run generates the transaction records for a counterfeit attack
scenario. The simulated transaction records are preprocessed to feed the
detection systems. The detection systems identify abnormal behaviors and
inform an existence of potential counterfeit attack.

Various statistics are collected to evaluate the effectiveness of the detection
systems. Some of the information are, amount of counterfeit value injected by
the simulator, amount of counterfeit value detected by the detection systems, the
speed of the identification of counterfeit attack incident, etc.

2.4 Micro Dynamic Simulator

As we discussed, at the moment, no actual data on the counterfeit activities exist
in the new electronic cash economy. Moreover, it is extremely unlikely that any
actual observations regarding counterfeit value will be available in the
foreseeable future. Therefore a quantification of a given threat scenario has to be
based on the observations generated in a laboratory-like environment. Simulation
modeling offers such an environment. It allows, through setting distributions of
various parameters, to control and observe the behavior of all phases of a threat
scenario.

In general, the micro dynamic simulator (e.g., developed by Mondex) is a
computer model that imitates the dynamics of the electronic cash scheme. It
mimics the expected long term evolution of the electronic cash scheme, and
reflects, through respective model parameters, short term behavioral patterns,
e.g. seasonal fluctuations. It follows the transaction behavior of individual
purses, e.g. a number and frequency of transactions, and keeps a complete record
of all individual transactions.

The essence of every experiment is to design a threat scenario and inject the
related counterfeit value into the system, and build in and invoke during the
simulation the on-chip (on the smart card) and off-chip based responses.

The simulated diffusion of the counterfeit value and an effectiveness with
which it can be detected and contained provide the critical information that
allows us to quantify a threat scenario in question.

An ability to produce and analyze multiple runs of the simulator model under
different scenarios allows the user to experience the management of the
electronic cash economy before the scheme is actually rolled out.

In addition to being a tool to evaluate the impact of counterfeit scenarios, the
simulator model also generates transactions that can be used to train off-chip
detection model(s). The simulator model is to be calibrated for every respective
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currency originator (i.e. country) to reflect the particular behavior of its purse
users and their transaction patterns of their territories.

2.5 Currency Monitoring System

The objective of currency monitoring system is to detect the presence of
potential counterfeit value in (almost) real time for the three types of attacks;
rapid (i.e. a sudden redemption of counterfeit value), moderate, and long term
(skimming). And to provide recommendations as to what steps should be taken
to identify sources for the potential counterfeit value, once detected.

The methodology of detecting the potential counterfeit value rests on the fact
that any injection of counterfeit value into the Mondex economy will be
eventually deposited with the originator and redeemed for “regular” money.
Consequently, an unusual surge in the redeemed electronic cash value should be
carefully scrutinized.

The procedure to identify surges in value redemption consists of following
two distinctive steps:

- Describe the normal pattern for redemption flows.

Depending on the type of attack, it tracks the currency redemption, at the
originator level, for three time periods: Day, Week (rolling week) and
Month (rolling 35 day periods). The respective statistical models of
redemption flows are, in general, a function of present and past electronic
cash value issuance, reflecting the seasonal pattern (e.g. day of the week).
The models are estimated and executed using a commercially available
statistical software that allows for an efficient data processing and
analysis as well as for applications of the state of art modeling
techniques.

- Set the rules that identify the abnormal redemption flows.

The statistical models predict the normal or expected redemption of the
electronic cash value to the originator. It is a standard statistical
procedure to define the range of normal redemption by its confidence
interval, given the level of significance. Since we are concerned about
the unusually high redemption, we will pay a special attention to the
upper boundary of the confidence interval.

2.6 Merchant Monitoring System

The objective of the Merchant Monitoring System is to detect the presence of the
counterfeit value in a timely fashion and provide decision support when the
potential incursion of the counterfeit value is detected.

To accomplish these tasks, two complementary methods will be employed,
namely, counterfeit detection based on statistical models, and counterfeit
detection based on machine learning method [Ezawa, ef al, 1995 & 1996]. In
this paper, we discuss the models based on the statistical methods.

Merchant Monitoring System primarily tracks the electronic cash value
transactions between individual merchant and its acquiring member. These
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transactions, i.e., value transfer from a merchant to a member are fully
accounted. One can also conclude that the merchant transaction values should be
transformed in order to properly apply various statistical tests and model
estimation methods. The preliminary evidence suggests, for instance, that the
nominal transaction values are approximately log-normally distributed.

Similarly to currency monitoring system, separate models are build to detect
the three different types of attacks, rapid, moderate, and long term (“skimming”)
attacks that would be carried out via merchant purses while taking into account
the length of a given merchant history.

Accordingly, the statistical procedures and criteria used to identify the
unusual merchant deposits are separately applied to the following time periods:
day, week (rolling seven day period) and month (rolling 35 day period). The
advantage of such five weeks “months” is that they all have the same number of
days and do not break up natural weekly spending cycles.

Analysis is performed on a daily basis (even if weekly or monthly totals are
used) at the individual merchant level. On every day, all the merchant deposit
time series are classified into two sub-series: the samples (as a rule, large)
containing only previously validated deposits and the forecasts (as a rule, small —
frequently just one day) to be verified. This naming convention corresponds to
the type of data used by time series models, where sample is used for model
estimation and forecast data are used for model verification.

Three time series models are estimated using sample daily, weekly and
monthly observations provided the series contains at least 35 observations. These
models provide the core criteria to identify the individual merchant’s deposit
pattern that is unusually high compared to the expected level, considering trend
and seasonal (day of the week, calendar month) effects. The corresponding
models for the merchant segments are also estimated to provide the above
mentioned benchmark behavior for every merchant (including local promotion
effects).

3. Case Study

We evaluated the above mentioned detection systems in the “Street Corner
Counterfeit Value Distribution Threat Scenario” that is discussed in [Ezawa &
Napiorkowski, 1998].

This counterfeit threat scenario assumes that the counterfeiters will sell, at a
discount, counterfeit electronic cash to a fraudulent population, in exchange for
“real” local currency. The fraudulent population is defined as the one that would
engage in such transactions knowingly and willingly.

The fraudulent population is not necessarily as loyal as agents of counterfeit
organization and the “secret” is bound to be leaked to the law enforcement
institutions or electronic cash issuing institution.
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In the paper [Ezawa & Napiorkowski, 1998]® showed that this is quite a
difficult task to carry out flawlessly. For the sake of the evaluation of counterfeit
detection systems, we assumed the following:

- Counterfeit organization has a well financed, well-established worldwide
network, and a large number of dedicated agents in place.

- It successfully broke the security of the chip / purse application on the
smart card that required a complete secrecy over an extended period of
time while various tasks are performed to break security.

- It created a counterfeit electronic cash application -- “shrink wrap” product
of “golden goose” that can generate counterfeit electronic cash with
flawless imitation of electronic cash application (e.g., Mondex purse)
functionality.

- It established counterfeit value distribution channels with no “informants”.

- Counterfeiter/agents can correctly identify “fraudulent” population who is
willing to buy counterfeit values with discount. They never make
mistakes. If they approach a normal/honest person, he or she might inform
the financial institution or authority.

- No on-chip risk management (detection) capability on the electronic cash
(purse) application to monitor on the smart card itself.

Simulation model was set to run 230 days and the counterfeit attack starts at
the last 6 days. The length of the run is set so that simulation transaction data
will provide significant amount of normal transactions. One the first day of the
attack, April 1, 2000, the counterfeiters inject a very small amount of counterfeit
value to the electronic cash economy to test the system. On the second day,
April 2, 2000, they inject amount they desire. On the third day, April 3, they
stop their activities completely to observe and evaluate their performance of the
previous day. They resume the counterfeit value distribution for the rest of the
three days. Note that the calendar days are important, since the simulator
simulates the day of the week, the seasonality and holiday impacts to the
behaviors of various consumer and merchant segments.

In the simulation model, there are 5 member bank segments (four bank
segments and one counterfeit bank segment). There are four consumer segments
(normal consumer, high-end consumer, unregistered card holder, and fraudulent
consumers). There are three merchant segments.

3 As the counterfeiter’s value chain shows, due to the product features (as described in the
next section), it requires some formidable organization and resources, up front capital
investment, and flawless executions of technical as well as operational tasks against
determined foes (various authorities and electronic cash organizations such as Mondex)
to make a financial gain. Another prerequisite for a business success is a well financed,
functioning, controlled, and coordinated organization with extremely loyal followers.
Moreover, it needs people with a variety of technical and operational skills. Some of
them have to be world class experts in various fields (e.g. cryptography). Finally, one
has to establish a country wide or even world wide network to be able to “cash in” large
amounts of counterfeit values in a very short time before the incidence responses are
triggered by the electronic cash operators.
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Fraction of Counterfeit Value Redeemed
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Fig. 4: Fraction of Counterfeit Value Redeemed (against Total Value Redeemed) through
the Members during the Counterfeit Attack Period

3.1 Results from the Currency Monitoring System

As discussed, the currency monitoring system resides with the territory
originator, and monitors the value issuance and redemption of the members. It
monitors the electronic cash flow at the aggregate level, thus by design, its
performance is relative to the total size of the electronic cash economy of the
territory.

Figure 4 shows the fraction of counterfeit value redeemed by the members
(against the total value redeemed by the members) during the counterfeit attack
period. Please note that due to business sensitivity, actual scale of counterfeit
value redemption is removed. As discussed, there was a small redemption of
counterfeit value through members on April 1, no redemption of counterfeit
value on April 3, but larger amount of counterfeit value redeemed on April 2, 4,
and 5.

Figure 5 shows the ratio of estimated loss and actual loss due to the
counterfeit value redeemed through members during the counterfeit attack
period. As it indicates that the system didn’t recognize the counterfeit incursion
on April 1, but it detected the attack on April 2, 4, and 5, and correctly predicted
that there was not attack on April 3.

During normal period, there was no false positive or negative identification by
the system. Although the results are still preliminary, as shown, overall the
system works well for this counterfeit scenario.
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Estimated Loss as Ratio of Counterfeit Value Redeermed
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Fig. 5: Ratio of Estimated Loss and Actual Loss due to the Counterfeit Value Redeemed
through Members during the Counterfeit Attack Period
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3.2 Results from the Merchant Monitoring System

As discussed, the merchant monitoring system resides with the member financial
institution and monitors electronic value redemption by its merchants. Since it
monitors the redemption patterns against its merchant’s historical patterns as
well as its peer group (i.e., their merchant segment), the model is independent of
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the size of the electronic cash economy (in comparison with the currency
monitoring system.)

Figure 7 shows some of the performance measures for the system. Please
note again that due to business sensitivity, actual scale of counterfeit value
redemption is removed.

As shown, all 5 days of attack were recognized by the system as well as no
attack day. True positive indicates the correct identification of counterfeit value
redemption (whole or partial) by merchants measured as a fraction of estimated
loss shown in Figure 7. True positive rate improves rapidly as the fraction of
counterfeit value redemption against the total value redemption increases. And
consequently, false positive identification of merchants declines (measured in
number of merchants). Note that these two measures have different units, one is
by the estimated loss, and the other, number of merchants.

Estimated Loss vs Fraction of Counterfeit Value Redeemed
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Fig. 7: Estimated Loss over Fraction of Counterfeit Value Redeemed

Figure 7 shows the estimated loss over the fraction of counterfeit value
redeemed against the total value redeemed by the merchants. It shows that when
the counterfeit value redemption is small, there’s over estimation of counterfeit
value redemption (due to false positive identification of counterfeit merchant
redemption.) As the injection of counterfeit value increases, the estimate
becomes more accurate and stabilizes.

Figure 8 shows the relationship between the fraction of merchants with
counterfeit value redemption and fraction of counterfeit value redeemed.
Naturally, the more counterfeit value injected, the more merchants are involved
in the counterfeit value redemption.

The measures defined above are used to compare available systems, understand
how they behave under different types of attacks and make recommendations in
specific economic environment about choice and setup of the individual systems.
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The characteristics of the electronic cash counterfeit problem are very different
from other industries such as telecommunications or credit card industries. But in
terms of purely technical measures such as:

e true positive rate

e detected fraction of counterfeit value redeemed

the performance of the tested merchant monitoring system (only one available
for this study) is equivalent to, if not superior to systems described in studies by
[Ezawa, et al, 1995 & 1996] in the telecommunications industry.
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Fig. 8: Fraction of Merchants with Counterfeit Value over Fraction of Counterfeit Value
Redeemed

4. Summary

In this paper, we discussed the process to evaluate the effectiveness of
counterfeit detection systems for the electronic cash scheme that is not fully
accounted. The process includes the use of micro dynamic simulator to simulate
various counterfeit scenarios (in addition to testing in the actual non-counterfeit
transaction data sets from the territories) and generate transaction data sets. The
use of simulation is an absolute necessity due to that fact that actual counterfeit
transaction has not been encountered, and at the same time, the detection systems
have to be developed, deployed, and tested their performance in the event of
counterfeit attack. Simulation allows us to evaluate the effectiveness of the
detection systems quantitatively, and validate the system performance. Two
selected detection systems at the different level of hierarchy, the currency
monitoring and the merchant monitoring system for the counterfeit detection
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were used for the evaluation. A case study of preliminary test results of the
performance of these systems in a simulated street corner counterfeit value
distribution scenario was described and demonstrated their effectiveness.
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Abstract. Public-key certification is of crucial importance for advanc-
ing the global information infrastructure, yet it suffers from certain am-
biguities and lack of understanding and precision. This paper suggests
a few steps towards basing public-key certification and public-key in-
frastructures on firmer theoretical grounds. In particular, we investigate
the notion of binding a public to an entity.

We propose a calculus for deriving conclusions from a given entity Alice’s
(for instance a judge’s) view consisting of evidence and inference rules
valid in Alice’s world. The evidence consists of statements made by public
keys (e.g., certificates, authorizations, or recommendations), statements
made physically towards Alice by other entities, and trust assumptions.
Conclusions are about who says a statement, who owns or is committed
to a public key, and who transfers a right or authorization to another
entity, and are derived by applying the inference rules.

1 Introduction

1.1 Motivation

In recent years, cryptography has become a key technology for digitizing business
processes, and this development is going to continue both with increased intensity
and with global impact. While technical aspects of cryptographic mechanisms
(security and efficiency of cryptographic algorithms, standardization of APIs and
platforms, etc.) have received substantial attention in the past years, a precise
understanding of their role in business processes is still in development.

A key aspect that is not precisely understood is the notion of binding a public
key to an entity in order to achieve authenticity and/or non-repudiation. This
paper’s contribution is to propose some initial steps in the direction of a formal
understanding of the role of such bindings and of digital signatures in a global
public-key infrastructure (PKI).

1.2 Previous Work

There exists a large body of literature on formal methods related to informa-
tion security (e.g. [12,23,24,25,18,26,10,27]). Much of this research is aimed at

M. Franklin (Ed.): FC’99, LNCS 1648, pp. 86-103, 1999.
(© Springer-Verlag Berlin Heidelberg 1999
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analyzing and designing protocols or security mechanisms, most importantly bi-
lateral authentication protocols. In contrast, the goal of the formal approach
taken in this paper is to illustrate a number of important points in the context
of public-key certification that have previously not been made precise. Our cal-
culus models desirable conclusions when using digital signatures and public-key
certificates as evidence and hence contributes to a more precise understanding
of what one tries to achieve with a PKI.

Previous Work on PKIs. From a high-level point of view, a possible classifi-
cation of problem areas and research contributions related to PKIs is as follows:

— Certificate format and content. It has been recognized that PGP- and X.509-
certificates are not well-suited for electronic commerce, and several research
efforts have been made to define new certificate formats and semantics
[15,8,2,21,28].

— Revocation. One particular area of interest is to design efficient mechanisms
for withdrawing public keys or certificates that have become invalid for a
certain reason [11,16,4,9,27,13,5].

— Name spaces. It is non-trivial to establish and implement a global, context-
and application-independent naming scheme as in the X.500 recommen-
dation. To avoid this problem, SDSI proposes the linking of local name
spaces [29,0].

— Trust models and uncertainty management. Most evidence in real life is to
some degree uncertain. It can therefore be desirable to model uncertainty
by assigning confidence values to evidence and conclusions, in particular
regarding the trustworthiness of entities.! Similarly, the reliability of the
identification underlying certification can depend on the procedure that is
used. The term trust model is often used to refer to models and techniques
for dealing with uncertainty in these contexts [22,3,14,17,19,30,7,20,31].

— Information systems aspects. A global PKI will be a complex distributed
information system whose design and implementation are a research area of
independent interest.

Notions of Bindings Between Entities and Public Keys. This paper’s
contributions should be seen as an extension of the work in the first of the above
research areas.

In the literature on public-key certification, “binding” is a term that is often
used to indicate that a public key represents an entity. A digitally signed state-
ment that asserts a binding between an entity and a public key is sometimes
called an “identity-based certificate” [2], but the exact nature of the binding is
often unclear. We summarize different notions of bindings in the literature.

In X.509 [32], a public key is bound to the entity if the entity “possesses” (or
controls or owns in our terminology) the public key. It is expected explicitly that

! In PGP for instance, trustworthiness can be estimated by five different values: (un-
known, no trust, marginally trusted, fully trusted, ultimate trust)
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the key owner keeps the secret key confidential. It is unclear whether a X.509
certificate should be interpreted as an assertion by the certificate issuer that the
entity controls the contained public key or simply claimed that it controls the
key. It is further unclear to what extent the key owner was instructed by the
certification authority to assure that the secret key remains confidential and to
what extent he or she will be liable for messages (or statements according to our
terminology) signed by the secret key.

“A PGP public-key certificate is, in essence, a public key together with a
user ID testifying that the user ID associated with this public key is valid” [1].
It is not specified in the documentation when a public key is valid for an entity,
and the notion of binding is left unspecified. Common practice of PGP users is
to issue a certificate when another user claims ownership of a key.?

SDSI [29,2] explicitly assumes that every key is controlled by at most one en-
tity; hence the binding of SDSI certificates is similar to that of X.509 certificates.
SPKI certificates are sometimes called authorization-based certificates [8,2]. SPKI
also explicitly assumes exclusive ownership of the keys. A prominent example in
SPKI is that an issuer (i.e., a public key) delegates an authorization to another
key. The entity controlling the key can obtain the authorization by digitally
signing the requests. SPKI naming is based on SDSI.

Lampson, Abadi, Burrows, and Wobber [24] model, among other things, the
role of public-key certificates and certification authorities (possibly organized
hierarchically) in the context of access control. Because the focus is on access
control, where the access control mechanism is trusted by default, trust is in
this paper not a resource explicitly expressed. The only type of binding between
public keys and an entities is the “speaks for” relation, meaning that if a state-
ment s is digitally signed with a key speaking for the entity, then the entity says
s. It is not considered that different entities might have different views; in par-
ticular, certification authorities are always universally trusted. Thus, all entities
will draw the same conclusions.

1.3 Contributions of this Paper

We illustrate a number of points that have previously not been made explicit:

— Because sole ownership can inherently not be verified (except in a context
where a physical device internally generates and uniquely controls a secret
key), one should not rely on such a claim or assumption. While in certain
contexts exclusive ownership is not needed and a claim of ownership suffices,
in other contexts the liability of a claimed key owner must be made explicit,
making it the owner’s interest to be and remain the sole owner, i.e. to protect
the secret key.

For instance, in the case of encryption and signature keys, an entity (say
Alice) can be trusted by default to be the exclusive owner of a particular

2 In general, the user presents a hash value (the “fingerprint”) of the public key to the
introducer.
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key. Alice has no interest in claiming false ownership, since otherwise an-
other entity could sign in Alice’s name or decrypt messages sent to Alice,
which, if it were desirable for Alice for some reason, Alice could also achieve
by performing herself the operations requiring the secret key on behalf of
another entity.

In contrast, in a legal context a claim by Alice to be the exclusive key owner
of a signature key is not sufficient evidence; the key could have been intended
for other applications (e.g. PGP), and it would be inappropriate to silently
let the entity be legally bound to statements signed by the key. Rather, Alice
must declare explicitly her intention to use the key in a legal context. We
call such a statement to accept the legal consequences of using a signature
key a commitment of an entity to a key. A commitment to a key can be seen
as a special kind of ownership claim.

— The main role of a certification authority is to make statements, through its
own public key, about statements (claim of ownership or commitment) made
by other entities.

— The role of self-certificates. If a right or privilege is transferred to a key owner
of the signature public key, then Alice’s mere claim of ownership of the key
or the commitment of Alice to the key cannot be used to conclude that
Alice is authorized to receive the right. Rather, Alice must prove ownership
of the key, for instance by digitally signing the statement that Alice is a
owner of the key with the same key. This is a self-certificate. On the other
hand, in contrast to the recommendations made in PGP (e.g. see [1] (p. 97)),
self-certificates do not contribute to drawing conclusions when exchanging
signature or encryption keys.

1.4 Outline

In Section 2 we informally introduce the basic concepts of the calculus, and in
Section 3 we state basic definitions. The inference rules are discussed in Section 4.
The purpose of Section 5 is to illustrate the use of the calculus in a few typical
scenarios. Some open problems and directions for future research are mentioned
in Section 6.

2 Concepts

2.1 Principals: Entities and Public Keys

The two types of principals® in our model are public-key pairs and entities. A
public-key pair consists of two parts. The public part is used to verify signatures
or to encrypt data. The private part allows to generate digital signatures or

3 The term “principal” is sometimes used differently in the cryptographic literature.
While in SPKI/SDSI public keys are called principals, in the calculus of Lampson et
al. [24] and [23] all “sources for request” (users, machines, cryptographic keys) are
called principals.
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to decrypt data; it must therefore be protected from unauthorized access. For
simplicity, we will refer to public-key pairs by “public keys” or “keys”.

Entities are human beings or legal entities. An entity controls (or owns) the
public key if it can use the public key to decrypt or sign data. In practice,
a public key is controlled through knowledge (e.g. of the secret key or a pass
phrase protecting the secret key), or through possession of a physical token (e.g.
a smart card).

2.2 Statements

In any formal system one defines the basic units of concern, often called formulas,
which can take on different truth values, most often the values true and false.
In our calculus, these basic units are called statements, and the truth values are
valid and not valid rather than true and false, for reasons explained in Section
2.3. The term statement refers (1) to what principals “say”, (2) to the pieces of
evidence, and (3) to what is concluded in the calculus.

One kind of statements that one may wish to conclude is that an entity Alice
made a certain statement s (i.e. Alice said s), in particular in a case where s is
signed by a certain signature public key. This process of deriving the statement
that Alice said s is traditionally known as authentication in the case where an
entity draws this conclusion in her own view. It is also known as non-repudiation
in the case where a legal system (e.g. a court) draws this conclusion or, more
precisely, where an entity takes the court’s view and convinces herself that the
statement Alice said s would be derived by the court from the given evidence.

Note that in the case of non-repudiation, the final goal is often not to conclude
that an entity said something, but rather that a certain privilege, value, or right
(e.g. a payment agreement) has been transferred to another entity. We capture
all of them in concept of a right. Transferring a right is a basic statement.

2.3 Views

The basic idea behind our calculus is that an entity (say Bob) draws conclusions
from his evidence, consisting of statements, by applying certain inference rules.
We call the collected evidence and the inference rules of a given entity his view.*
The view reflects Bob’s initial belief from which further believed statements can
be derived. The fact that a statement s is in Bob’s view does not imply that
it is true in an absolute sense, only that in Bob’s context it is reasonable to
make this assumption. Similarly, the fact that s is not in Bob’s view does not
mean that s is false; it could be that Bob simply does not pay attention to s.
Statements in an entity’s view or derived from it according to the inference rules
are therefore called valid rather than true. All statements that cannot be derived
4 The concept of a view was introduced in [7], and four different statements have been
defined. In contrast, we recursively define a set of statements. Moreover, because
different entities might interpret the evidence in different ways, also inference rules
are part of a view.
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could be called “not valid” to define the second truth value, but this term will not
be used.

The views (beliefs) of different entities are generally different. Trust relations
in particular can be subject to an entity’s experience, context, or policy. For in-
stance, one can think of the legal system as consisting of a certain agreed-upon
and published set of rules and statements (when neglecting many aspects related
to the fact that not everything can be formalized and that human beings (e.g.
judges) play an important role.) In a dispute, these statements and rules can
be taken into a judge’s view. Such statements could for instance be about the
trustworthiness of certain legally or otherwise appointed certification authori-
ties. An entity must therefore adopt a different view depending on whether the
conclusions should be convincing only for herself or for a legal entity, say a judge.

3 Definitions

We clearly distinguish between the syntactic definitions of our calculus (which
can be glanced through in a first reading) and the meaning of the statements.

3.1 Syntactic Definitions

Let ¢ and K® denote the (not necessarily distinct) sets of encryption public
keys and signature public keys, respectively, and let I denote denote the set of
all keys: K = K¢ UK. Let £ be the set of entities. The set of principals consists
of the public keys and entities and is denoted by P: P = EUK. By R we denote
the set of rights. Elements of a set are written in small letters and variables in
capital letters. Key variables and values carrying as subscript the name of an
entity stand for the key allegedly belonging to the entity.

For describing the syntax of the statements and the rules, we use the Ex-
tended Backus-Naur Formalism (EBNF).? Each statement consists of a prede-
fined name , together with a list of arguments in parenthesis. Each argument is
a term of a certain type. All statements are in prefix notation, with exception
of the st atement says.

Definition 1.

term(T) = element(T) | variable(T)

statement = own(term(&), term(K)) |
transfer(term(&), term(E U K*), term(R)) |
term(E U KC¥) says statement |
commit(term(E), term(K?), statement) |
trust(term(&), statement)

inference-rule = “(” statement{“)” statement} “t" statement “)”

5 AB stands for the concatenation of the expressions A and B, A|B for the the alter-
native between A and B, and {A} for the repeated concatenation of A (including
the empty word). Let element(T) stand for an element of a set 7 and variable(T)
for a variable of type T (a type is a set).
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For convenience, we allow an equivalent notation for rules:

statement{“)” statement }

inference-rule =
statement

Extending the above definition (this can be seen as syntactic sugar), we
interpret a statement in which a set of values of the corresponding type (rather
than a single term) is used as an argument, to be the set of statements resulting
from plugging in, one by one, every element of the set.

Definition 2. The view of an entity a, denoted by View,, is a set consisting of
statements and inference rules. o

The following definitions describe the mechanism of deriving a statement from
a view.

Definition 3. Let V be a variable of type T occurring in the statement s and
let v be an element in 7. Let W be a variable of the same type as V. Then
s[V = v] denotes the statement that is obtained by replacing all occurrences of
V in s by v (instantiation of V). Similarly, if s is a statement in which W does
not occur, then s[V = W] is the statement where V is renamed to W (variable

substitution). )
Definition 4. Let s1, ..., s; be statements. A wvariable assignment Z for an
inference rule (sy, s2, ..., $;—-1 F s;) maps each variable occurring in the

inference rule to an element of the corresponding type. SJI is the statement that
is obtained by replacing all occurrences of the variables in s; by the values
specified in Z. o

Definition 5. A statement is valid in View,, if it is either contained in View, or
if it can be derived from View, by repeated application of the inference rules in
View,. More precisely,

— All statements in View, are valid.

— Let V be a variable of type T occurring in s, let W be a variable of the same
type not occurring in s, and let v be any element of 7. If s is valid, then the
statements s[V = v] and s[V = W] are also valid.®

— Let s1, ..., $; be statements. If for a rule of the form (s1,...,s,-1 F s;) in
View, there is a variable assignment Z such that sJI isvalidforj =1,...,i—1,
then s? is also valid. o

Example. We illustrate the mechanisms of variable instantiation and variable
substitution in a simple example. Note that in the examples of Section 5, these
formal steps are not shown explicitly. Consider the following view:

Views = { (X says S, trust(X,S) F S),
trust (b, trust(Y, X says own(X, K))),
b says trust(c, Y says own(Y, K)) }

5 Hence if an argument is a variable, all the occurrences of the variable are universally
quantified (V).



Reasoning about Public-Key Certification 93

One can derive trust(c, X says own(X, K)) by the following sequence of applica-
tion of Definition 5.

— trust(b, trust(Y, X says own(X, K))) is valid, because it is in the view.
— trust(b, trust(Y, X says own(X, K)))[Y=c|] =
trust (b, trust(c, X says own(X, K))) is valid.
— trust(b, trust(c, X says own(X, K)))[X=Y] =
trust (b, trust(c, Y says own(Y, K))) is valid.
— The inference rule (X says S,trust(X,S) F S) can now be applied.
Let X = b and S = Y says own(Y,K) be a variable assignment of
the rule. The statements trust(b,trust(c,Y says own(Y, K))) and b says
trust(c, Y says own(Y, K)) are valid and therefore trust(c, X says own(X, K))
is also valid.

3.2 Meaning of Statements

We now discuss the meaning of the statements. We only describe the case where
all arguments are elements of a set (x € £, k € K, k* € K%, e € £ U K*,
r € R), rather than variables. The symbol s stands for a specific statement.
If a statement contains variables as arguments, the meaning is implied by the
meaning for specific values through the above definition of validity. Variable
substitutions do not change the meaning of a statement.

trust(z, s) Entity x is trustworthy with respect to the statement s. The statement
trust(x) means that x is trustworthy with respect to all statements.

k® says s The statement s is digitally signed with the signature key k°. We
assume that every entity has a trusted computing base for checking
digital signatures, i.e., every entity can verify whether k° says s is
valid.

x says s An entity = can say s by a variety of mechanisms. Saying s can mean to
pronounce s, to write s on a piece of paper, to type s into a computer,
to initiate a process that generates a string corresponding to s, or
to create any other unique representation of s. Note that the act of
signing s is not an act of saying s but rather of creating evidence for
other entities to conclude that z says s.

Note that for instance in authentication protocols (e.g., for access con-
trol), it is important to know that a statement is fresh. In contrast to
the BAN logic, it is not the goal of this paper to model authentica-
tion protocols, and hence freshness is not modeled. However, it is a
possible extension of this work to include time aspects like freshness.

own(z, k) Entity z is an exclusive owner of the public key k or, equivalently, x
solely controls the public key k in the sense that he can perform any
operation requiring access to the secret key.
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commit(z, k%, s) Entity « is committed to the signature public key k* with respect
to statement s. A commitment of z to k° with respect to s
means that x agrees to be liable in a legal sense to have said
s, provided s is digitally signed with k®. commit(z, k®) stands
for the statement that x is committed to £° with respect to all
statements.

transfer(z, e,r) Entity x delegates a right r to e (or owes a right to e). If e is
a signature public key k*®, then transfer(z, k%, ) means that the
right is delegated to an entity owning the public key k°.”

4 Inference Rules

Throughout the paper, K € K¢ U K*, K* € K*° and K¢ € K¢ are variables
standing for any public key, for a signature public key and for an encryption
public key, respectively. Similarly, X, Y € £, F € £ U K°, and R € R are
variables for an entity, for an entity or a signature public key, and for a right,
respectively. Furthermore, S is a variable of type S, where S is the set of all
syntactically correct statements.

We introduce inference rules that illustrate the conclusions that a can draw
from the statements contained in her view View,. We discuss rules for using
trust and rules applicable in the two settings of bilateral communications and
legally binding statements. We do not claim in any sense that the rules proposed
here are the only reasonable way for an entity to interpret the evidence. The rules
might for instance differ from one legal environment to another; as explained in
the previous section, we therefore allow the rules to be part of an entity’s view.

4.1 Trust

Trust can be seen as a basic mechanism which allows one entity to believe a
statement made by another. If one trusts X on .S, and if X says S, then one has
reason to believe S. Note that the statement X says S makes no sense because
it means that every entity says every statement. However, it makes sense to use
it within a rule because S will always be instantiated to a concrete statement or
a set of statements.

Rule 1a.
trust(X, S), X says S
S
One can have a more detailed understanding of trust. In the BAN logic for

instance, a server cannot only be trusted to provide the correct keys, but also
to generate good keys.

" In fact, a right could also be delegated to an encryption key: an entity can prove
ownership by challenge-response protocol.
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Trust is a fundamental and rare resource. Many of the trust relations used in
real life are not based on personal experience but rather on explicit or im-
plicit recommendations, a concept first formalized in [17]. A recommendation
is a statement of an entity about the trustworthiness of another entity. a could
for instance recommend b for making statements about the ownership of keys:
a says trust(b,own(Z, K*®)). An entity must explicitly be trusted to issue recom-
mendations, otherwise the recommendation cannot be used as evidence to draw
further conclusions.

4.2 Bilateral Communication

Assume that one wants to encrypt a message for X or verify whether a digitally
signed message has been sent by X. In both cases, one needs to establish that
X eexclusively owns a certain key. We argue that ownership need not be proven
(in fact sole ownership cannot be proven), but what is needed is a statement by
X that he solely owns the key. By making a false claim of ownership (either for
a key not controlled or not exclusively controlled), X cannot achieve more than
what he could achieve by other means. Namely, instead of violating secrecy by
making a false claim of ownership for an encryption public key, X could achieve
the same goal by revealing the contents of an encrypted (for X) message to
another entity. Similarly, X could sign a message provided by another entity,
thus violating authenticity. Hence, if X says that he solely controls K, one can
derive that K is exclusively owned by X.

Rule 2a.
X says own(X, K)
own(X, K)

Note that this rule could be replaced by the statement trust(X,own(X, K)). If
one believes that X solely owns the signature key K°, and if there is a statement
S digitally signed with K°, then one has reason to believe that X says S:
Rule 2b.
own(X, K*), K*® says S
X says S

Similarly, if one believes that X solely owns the encryption key K€, then one can
use K€ to encrypt a message for X. However, secrecy is not captured as a concept
in this first version of our calculus, and hence there is no rule corresponding to

Rule 2b.

4.3 Commitments and Non-repudiation

As has been recognized by the legislative bodies issuing digital signature legis-
lation, one has to be very cautious when taking digital signatures as evidence in
a legal sense. For one thing, there are various technical risks (key compromise
or system misuse due to flaws and bugs), cryptographic risks (e.g. the discovery
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of a fast factoring algorithm), and risks due to incompetence and negligence by
the users.

On the other hand, there is also the problem that ownership statements are
strongly context-dependent, and that this is not reflected in previous technical
proposals for public-key certification. For instance, the statement by X that
he controls a certain PGP public key K*® cannot be used as evidence that X
agrees in a legal sense to be liable for statements signed by K*. Rather, X must
declare explicitly his intention to use the key in a legal context and, furthermore,
for which kinds of statements (e.g. for any statements implying liability up to
$1000). We call such a statement to accept liability for statements made by a
signature key a commitment of an entity to the key. A commitment by X to a
signature key K® with respect to the statement S can be seen as a special kind
of ownership claim.?

Rule 3a.

X says commit(X, K*°,5)
commit(X, K¢, .5)

Rule 3b.
commit(X, K%, S), K* says S
X says S

Note that in a legal context there will be a restriction of what constitutes “say-
ing” in our sense. In particular, the statement of being committed must be made
in a specific way (e.g. by an ordinary signature on a paper contract).

4.4 Transfer of Rights

In many legal scenarios, the statement of interest is not whether an entity X
said something, but whether X delegated a right to another entity Y. A right is
transferred from X to E if X says so.

Rule 4a.
X says transfer(X, E, R)

transfer(X, E, R)

Privacy and anonymity are increasingly important issues in electronic com-
merce. It will become more and more common to transfer privileges to a key
or pseudonym, without knowing the identity of the person controlling the key
except in case of a dispute (for an example, see Section 5). Therefore one needs
a mechanism for a key owner to claim the right transferred to a public key. Note
that if a right is reproducible (e.g., access to a database), then several entities
could control the public key. For rights that must inherently be restricted to one
receiving entity (e.g., a payment), it must be assured in the first place by the
receiving entity that the rights are transferred to a key it solely owns.

Rule 4b.

8 Note that by replacing commit(X, K*,S) with own(X, K*), Rules 3a and 3b exactly
correspond to Rules 2b and 2a.
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transfer(X, K*, R), own(Y, K*)
transfer(X,Y, R)

One possibility to prove ownership for redeeming a right is a self-certificate, i.e.,
a statement that is digitally signed with K* and asserts who the key owner of
K? is. Only a key owner of K* can issue a self-certificate. One can postulate the
rule that a self-certificate proves ownership of a key, i.e. the rule

Rule 4c.

K? says own(Y, K*)
own(Y, K*)

However, this rule makes sense only in the context of redeeming a right trans-
ferred to K*, but of course not in the context of bilateral communication. An
attacker could attach, by a self-certificate, an arbitrary identity to a public key
it generated, and hence this statement should not be applicable in that context.
In the sequel, we denote by

IRp = {1a, 1b, 2b, 2a}
the set of inference rules applicable in a private or bilateral scenario and by
IR. = {1a, 1b, 3a, 3b, 4a, 4b, 4c}

the rules that can be applied in a legal context.

5 Scenarios

We illustrate our rules on some concrete scenarios. The first example shows var-
ious ways in which an entity can derive that a certain public key is owned by a
certain entity. The purpose of the second example is to give a simplistic and ide-
alized framework for concluding digital contracts (e.g., for electronic commerce).
In the third scenario an entity delegates a right to a key owner, without knowing
the identity of the key owner.

In order to keep the examples readable, we will not explicitly show the variable
instantiations and substitutions made in the derivations. Instead, we only show,
for every application of an inference rule, the instantiated preconditions and the
consequence of the rule, separated by the symbol = to indicate that the latter
follows from the former.

5.1 Exchange of Public Keys for Authenticating and Encrypting
Mail

Alice (denoted by a) wants to check whether a digitally signed e-mail message
(which contains the message s) has been sent by Bob (denoted by b). Since the
mails are for private use only, a will not require b to commit to the key k;. In
order to apply Rule 2a, @ must somehow derive the statement b says own(b, k; ).
This can happen in various ways.
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Exchange of Public Keys by Non-Digital Means. a could directly obtain
b’s public key kj from b. a could meet b in person, or b could provide his key
during a telephone call; in this case a can verify that b says own(b, k;) is valid.
Assume that a later gets the digitally signed message s. Thus, her view contains
the following two statements.

View, = { kj says s, b says own(b, k;) } UIRp
a can apply the following two rules to derive b says s.

b says own(b, k;) = own(b, k;) (2a)
own(b, ki), ki says s = bsays s (2b)

a could also rely on the statements of entities she trusts in order to derive b says
own(b, k7). In the following, let

s1 = X says own(X, K*)

If her friend Carol (c) says that b says own(b, k), and if a trusts ¢ to provide the
keys of other entities (i.e., ¢ is trusted on s1), a can authenticate b’s key.

View, = { kj says s, ¢ says b says own(b, k}), trust(c, s1) } UIRp

The statement trust(c, s1) means that c is trusted on the statements that some
entity X has claimed exclusive ownership of some key K*. Thus c is trusted on
b says own(b, k;) (variable instantiation), and because ¢ says b says own(b, kj) is
valid in a’s view, a can apply Rule la to derive the statement b says own(b, k; ).
From this, a can apply the same two rules as above to conclude that b says s.

Certificates and Certificate Chains. Instead of making the statement c says
b says own(b, k;) directly towards a, this is achieved, in a typical scenario, with
a certificate containing this statement. Of course, we also need the statement c
says own(c, k2).

View, = { kj says s, k says b says own(b, k;), ¢ says own(c, ki),
trust(c, s1) } UIRp

Since ¢ is trusted to provide her own signature key, a concludes own(c, k2) by
Rule 2a. Thus, by Rule 2b, a can derive ¢ says b says own(b, k;). Finally, a can
again apply the same rules as in the previous view to derive b says s.

Perhaps another friend of Alice, Dave (d), knows that ¢ says own(c, k2). If a
trusts him to provide the keys of other entities, and if a has d’s signature key
(d says own(d, k3)), a can obtain c¢’s key.

View, = { kj says s, k; says b says own(b, k}), d says own(d, k3),
k3 says ¢ says own(c, kZ), trust(c, s1), trust(d, s1) } UIRp

Here d issues a certificate for ¢ (digitally signed with k3) and ¢ for b (with k2).
Since a trusts both ¢ and d to provide the keys of other entities, a can retrieve
the signature key of b. The following sequence of rules is applied:
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[\V)

d says own(d,
own(d, k3), kj says c says own
d says c says own(c, kZ), trust

¢ says own
own(c, k2), k says b says own

¢ says b says own(b, k;), trust

b says own(b, k;

own(b, k), ki says s

own(d, k5)

d says c says own(c, k?)
¢ says own(c, kg)
own(c, k£)

¢ says b says own(b, k;)
b says own(b, k; )
own(b, k;)

b says s
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Such a scheme where one entity certifies the key of another entity is often referred
to as a certificate chain.

Trust in ¢ could also be established by a recommendation of d for c¢. d could
for instance recommend c for certifying ownership of keys. In this case, a must
explicitly trust d for recommending other entities.

View, = { ki says s, k. says b says own(b, k;), trust(d, s1), trust(d, s2)
kj says ¢ says own(c, k3), d says trust(c, s1), d says own(d, k) } UIRp

where
so = trust(X, Y says own(Y, K*))

The statement trust(d, sz) stands for a’s trust in d to issue recommendations for
other entities.

Exchanging an Encryption Key. While in some systems (for instance PGP),
the same key is used for signing and encrypting messages, it makes sense to
separate these two functions. The authentication of an encryption key is identical
to the authentication of a signature key, i.e., the statement b says own(b, kj) must
be derived.

Self-Certificates. The main purpose of PGP is to encrypt and authenticate
mail messages. There seems to be a misconception about the role of
self-certificates. For instance, [1] suggests to append self-certificates to a pub-
lic key. However, as illustrated by the rules, self-certificates do not occur as a
precondition of a rule and are not needed for exchanging encryption and signa-
ture keys on a bilateral basis. Hence they can at most mislead an entity a to
believe that a key is b’s, if a draws incorrect conclusions. More precisely, neither
the statement b says own(b, kj ) nor the statement own(b, kj) can be derived from
the following view

View, = { kj says own(b, k;) } UIRp

because an impostor e could of course generate a public key k7 and sign with it
the self-certificate: k2 says own(b, k2).
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5.2 A Simple Legal Framework

In the following example we describe an infrastructure allowing two entities to
conclude a contract with digital signatures. A contract can be seen as a transfer
of a right 1 from a to b (transfer(a, b, 71)), and possibly also a right r5 from b to
a (transfer(b, a,r2)). In order to achieve non-repudiation, each entity’s goal is to
be able to derive in the legal system’s view that the other party has transferred
the corresponding right.

Unlike in the scenarios described in Section 5.1, it does not matter for a whether
she believes that a certification authority is trustworthy, but rather whether the
legal system does. It can be assumed that the legal system’s policy and trust
relations, i.e. its view, is clearly specified and publicly known, and that also the
public keys root CAs are publicly known in an authenticated manner.

In the sequel, we adopt the legal system’s (e.g., a judge’s) view who wants to
verify (i.e. derive) the statement transfer(a, b, r1).

It is conceivable that the legislator defining the legal system appoints a set of
distinguished authorities that are trusted by default (i.e. in the legal system’s
view): certification authorities, naming authorities registration authorities, key
revocation authorities (if not part of the CA), etc., subsumed below under the
term CA. In the sequel, let

s1 = transfer(Y, Z, { R| R stands for a cash value up to $1000})
s2 =Y says commit(Y, K*, s1)
sg = trust(X, s3).

Note that from a syntactical point of view, s; is not a statement but stands
for a set of statements. In our scenario, b tries to collect evidence that a owes
him $500. The judge trusts one root certification authority ca; to license other
certification authorities (this corresponds to the statement trust(cas, s3) in the
view shown below). Furthermore, he trusts ca; to correctly certify the keys of
other entities (trust(cay, s2)). Additionally, the judge believes that ca; uses kj
as its signature key.

Assuming that ca; has licensed cay (ca; says trust(cas, s2)), b can retrieve a
digitally signed statement of cay asserting that a is committed to k] with respect
to s1 (caz says a says commit(a, kg, s1) The statement kS says transfer(a,b,r)
is in the judge’s view because a signed the contract and b produced the fact as
evidence in the dispute. Thus, the judge’s view is:

Viewjydge = { car says commit(car, k5), ki says trust(cas, s2),
ki says cay says commit(cag, k3), k3 says a says commit(a, k2, s1),

k; says transfer(a, b, 1), trust(cay, s2), trust(cay, s3) } UIRL

The following table summarizes the complete sequence of applications of infer-
ence rules for deriving transfer(a,b,r1) in the judge’s view. Note again that it
is irrelevant in this context whether an actual dispute is being resolved by the
judge or whether b convinces himself that in case of a dispute, he would be able
to produce a convincing collection of evidence for transfer(a, b, r1).
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ca; says commit
commit(cai, k7 ), ki says trust cag,sz

(ca commit(ca, ki)
(
ca1 says trust(caz, s2), trust(cai, s3
(
(

ca1 says trust(caz, $2)

trust(caz, s2)

ca1 says caz says commit(caz, k3)
caz says commit(caz, k3)
commit(caz, k3)

caz says a says commit(a, kg, s1)
a says commit(a, k;, s1)
commit(a, kg, s1)

a says transfer(a, b, r1)
transfer(a, b, 1)

k7)
)
)
commit(cai, k1), ki says caz says commit(caz, k3)
ca1 says caz says commit(caz, k3), trust(cai, s2)
caz says commit(caz, k3)

commit(caz, k3), k5 says a says commit(a, k, s1)
caz says a says commit(a, k;, s1), trust(caz, $2)

a says commit(a, kg, s1)

commit(a, k), ks says transfer(a, b, 1)

a says transfer(a, b, r1)

L A A

5.3 Transferring a Right to a Key Owner

We sketch a scenario where a delegates a right to a key owner, without knowing
who the key owner is.” It is likely that a marketplace on the Internet for certain
services involving digital information (e.g. designing clip art, programming a
shell script, etc.) will emerge in the near future. In this context, it may be quite
possible that some of the service providers are known only by a pseudonym which
could typically be the public key itself. The following example illustrates how a
right (e.g. a payment obligation) can be transferred to a public key.

Assume that b, known by the public key k; has done a job for a and that a has
written a digital cheque (called r) payable to k;. Adopting the judge’s view as
in the previous example, b collects the following evidence:

Viewjyqge = { ca says commit(ca, k), trust(ca), ki says a says commit(a, k?),
k; says a transfer(a, k;, )k says own(b, k;) } UIRL

The following sequence of derivations convinces b that the evidence is sufficient.

ca says commit(ca, ki) = commit(ca, k7) (3a)

commit(ca, k3 ), ki says a says commit(a,k;) = ca says a says commit(a, k) (3b)
ca says a says commit(a, k), trust(c ) = a says commit(a, k) (1a)

a says commit(a, k;) = commit(a, kj) (3a)

commit(a, k), k says a transfer(a, kb, r) = a says transfer(a, ki, r) (3b)

a says transfer(a, ky,r) = transfer(a, kj, ) (4a)

ky says own(b, ky) = own(b, k7) (4b)

transfer(a, ki, r), own(b, ki) = transfer(a,b,r) (4¢)

6 Concluding Remarks and Open Problems

The proposed calculus captures a number of important aspects of public-key
certification, but it is by no means a formalism that could directly be used in a
concrete legal system. However, we hope that it is a possible starting point for
research into formalizing and reasoning about processes in the digital economy.

¥ This example was first given by C.Ellison in similar form.
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Many issues remain open including time aspects (e.g. the concept of freshness,
time stamping, etc.), modeling certificate and public-key revocation (more gen-
erally the revocation of any statement), and extending the model to capture
degrees of belief and contradicting evidence.
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Abstract. High-value financial transactions underwrite the need for a
relying party to check the status of a digital certificate in real time. In this
paper, we propose a simple mechanism for online certificate status check-
ing that is particularly well suited to the closed public key infrastructures
that characterize financial networks. We further demonstrate how persis-
tent evidence of this status checking request/response becomes a valuable
by-product. In financial systems, “transaction receipts” naturally accu-
mulate and by doing so, they encapsulate the entire lifecycle of a single
transaction.

Keywords: public key infrastructure, online certificate status check-
ing, certificate re-issuance, high-value financial transactions, risk man-
agement

1 Introduction

The financial community has identified the need for a relying party to “real-
time” check the validity of evidence supporting a high-value transaction. For
example, merchants routinely “authorize” credit cards as a part of a transaction.
As these transactions increasingly take place on-line over the Internet, however,
and become entirely dependent on digital signatures and supporting evidence in
the form of PKI elements, the mechanics of authorization must change.

The first attempt at defining an electronic authorization scheme suitable for
Web-based credit card transactions was the Visa/MasterCard Secure Electronic
Transactions (“SET” [12]) suite of protocols. The SET model was limited to a
Web-based front-end to legacy authorization systems. On the back-end, a SET
transaction is virtually indistinguishable from one that originates as face-to-face
or via a telephone order.

The next step towards creating a completely web-based analog for autho-
rizations is currently under development by the PKIX working group in the
IETF. The X.509 and PKIX standards provide suitable mechanisms for off-line
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or cached authorization operations and certificate revocation lists (CRLs). How-
ever, because CRLs are created with specific lifetimes (possibly unbounded) they
are not suitable for real-time status checks. For a particular high-value' trans-
action, the relying party’s policy concerning that transaction is likely to require
a near-instantaneous statement of the validity of the public key/certificate in
question; a CRL issued two weeks prior is effectively worthless as evidence of
the key’s current status. Thus, additional mechanisms are needed within the
public key infrastructure (PKI) to provide real-time information.

The most prominent technology proposed for this type of verification within
the PKIX infrastructure is the “Online Certificate Status Checking Protocol”
[8], and it is on track to become an Internet standard. OCSP has two impor-
tant characteristics: first, OCSP depends upon the emergence of its own three-
tier (Client - Certificate Authority - Designated Responder) infrastructure, and
second, OCSP defines a new set of message formats extending beyond those
contained in the base PKIX standard (PKIX Part 1).

In this paper, we propose a simple alternative to OCSP for online certificate
status checking. Moreover, we argue that requirements for authorizing digitally-
signed transactions should be independent of the underlying form of public key
infrastructure in which they occur?. These requirements must minimally include
“freshness” check on the evidence submitted in support of the transaction (which
could be a digital certificate). As a by-product of doing the check itself, persistent
evidence that the check was made must also be created.

It should be understood that OCSP is used merely as an example of current
practice in the field of real-time status checking for digital evidence. Neverthe-
less, OCSP provides an important yardstick for comparing and contrasting and
new mechanisms. The chief infrastructure difference between this proposal and
OCSP is that our approach is targeted to serving the functional and policy re-
quirements of closed PKIs, which we believe will host the majority of high-value
financial transactions. “Closed” in our context means only that the parties’ rights
and obligations are defined by mutual agreement or contract. For example, the
Automotive Network Exchange (ANX), is a closed PKI comprised of more than
1,200 trading partners.

2 Motivation

Figure 1 below depicts a typical high-value electronic financial transaction us-
ing public key credentials. There are three parties of interest: the “end entity”

! Throughout this document we use the term “high-value” to denote transactions
that, as a matter of relying party policy, require real-time confirmation of the PKI
components of the transaction. That is, any transaction in which there is sufficient
capital at risk that cached information is insufficient can be thought of as “high-
value.”

2 We anticipate that the new joint IETF-W3C work on signed XML [6] will progress
quickly to defining new public key infrastructures not based on X.509/ASN.1. Fur-
ther, we must assume that a single transaction could include some hybrid of these
technologies.
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(seller of the financial transaction), the “relying party” (the buyer of the finan-
cial transaction) and a “certification authority” (“CA”). The role of the CA is
to attest to the binding between the end entity and some public/private key
pair. Initially, before any particular transaction can occur, the end entity needs
to obtain proof of ownership of a public/private key pair that he will use elec-
tronically to sign the transaction. The end entity generates a public/private key
pair (or uses one previously generated) and submits a certification request to the
CA (step 1). The CA processes the request and, if the request satisfies the CA’s
certificate issuance policy, the CA responds by issuing a certificate to the end
entity (step 2). Now, for a particular transaction the seller sends the transaction

Status Response

Certification
Authority

A @ Status Request

Cert
Request

- Z@SX |
N action +

End-entity

(“seller”)

P
<«

@ Transaction Response

Fig. 1. A typical financial transaction using public-key credentials

to the potential buyer along with some evidence (step 3). The evidence will be
used by the buyer to determine (a) whether the seller is who he claims to be, and
possibly (b) that the seller has the right to participate in the transaction (e.g.
current ownership of the transaction). The certificate previously obtained may
be sufficient evidence on its own; it is more likely, though, that certificate will be
used in conjunction with other signed statements contained within the transac-
tion itself. Having received the transaction and supporting evidence, the relying
party not must make a policy decision and determine whether the submitted
evidence satisfies his own acceptance policy for the transaction.

As part of this evaluation of evidence, the relying party requires a real-time
status check on the certificate issued by the CA-that is, is the binding in the
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certificate still valid? The buyer thus makes a real-time status request of the
issuing CA? for confirmation of the validity of the certificate (step 4). The CA
issues its status response (step 5) attesting to the current validity of the subject
certificate. The status information is then combined with the transaction, the
certificate and other submitted evidence by the relying party to make his policy
determination. The result of that decision (i.e. whether the transaction will be
bought and any receipts if it is) is returned to the seller in step 6.

Our concerns in this paper are with the protocols and signed statements
used to form the status request in step 4, the status response in step 5, and the
transaction response in step 6. The chief technical difference between OCSP and
our proposal is that we issue a new X.509 certificate in step 5 as the response
to a status inquiry. While it may seem obvious to simply issue a new certificate,
OCSP goes out of its way to avoid doing so. In fact, OCSP crafts a response
that looks not surprisingly like a CRL. Here is the structure of a single OCSP
status response:

SingleResponse ::= SEQUENCE {
certID CertlID,
certStatus CertStatus,
thisUpdate GeneralizedTime,
nextUpdate [0] EXPLICIT GeneralizedTime OPTIONAL,
singleExtensions [1] EXPLICIT Extensions OPTIONAL
}
CertStatus ::= CHOICE {
good [0] IMPLICIT NULL,
revoked [1] IMPLICIT RevokedInfo,
unknown [2] IMPLICIT UnknownInfo
}

Within a SingleResponse, the certID identifies a particular certificate and
the certStatus is the returned assertion about that certificate - one of “good,”
“revoked,” or “unknown.” This assertion is then signed by the responder, creat-
ing a digitally-signed statement about the referenced certificate. (OCSP, unlike
our proposal, does not explicitly permit status requests concerning only a pub-
lic/private key pair.) As such, the OCSP response itself is semantically equivalent
to a certificate*, but is written in a new format. The only explanation for this

3 In OCSP terms, this is an OCSP request message. Note that although we have
depicted the status request being sent directly to the issuing CA, in practice the
request may be directed to a third party authorized to emit status information on
behalf of the issuing CA.

4 To be precise, a certificate is a digitally-signed statement about a public/private key
pair. An OCSP response is a digitally-signed statement about a certificate, so it may
be thought of as a “certificate for a certificate.” As we show below, certificates can
easily be made to make statements about other certificates, thus eliminating any
need for new syntax.
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distinction is that the OCSP authors could attach one value to a certificate and
another value to its real-time status. This is economics, not technology.

What is unavoidable, though, is that the digitally-signed statement contain-
ing status information is itself an independent assertion and, as such, carries
liability for its signer. In typical financial applications, other new criteria, such
as current credit-worthiness, are brought into the transaction as a result of a
status check and the role of the signer is unambiguous: the signer owns the risk.

“Ownership” as the result of issuing a status response becomes literally cor-
rect when we replace the word risk with transaction. Transactions are the com-
modity that is bought and sold in every financial market. In the credit card
case, for example, the card merely bootstraps a transaction. When the merchant
authorizes a sale, he sells the transaction to his bank at a discount. If the bank
is also the card issuer, then it does not need to re-sell the transaction; it may
settle directly with the merchant and cardholder. If the bank is not the issuer
of the presented card, then it sells the transaction to a settlement agent at an-
other discount. In each case, a sale represents a shift of risk from the seller to
the buyer for which the buyer creates a receipt. During the life of a transaction,
what matters is the issuer’s signature on an assertion that turns it into a receipt,
not the signature on the card.

Figure 2 below overlays Figure 1 with the flow of policy evaluation, confir-
mation, and the generation of receipts. Again, there are three parties of inter-
est: the “end entity” (seller of the financial transaction), the “relying party”
(the buyer of the financial transaction) and a “certification authority” (“CA”).
Steps 1 through 3 are essentially the same: (1) The end entity generates a pub-
lic/private key pair and submits a certification request to the CA (2) The CA
processes the request and, if the request satisfies the CA’s certificate issuance
policy, the CA responds by issuing a certificate to the end entity and (3) In the
context of a particular transaction the seller sends the transaction to the poten-
tial buyer along with some evidence. The important distinction here is that the
action of the relying party breaks down into two policy-driven steps.

In step 3, the relying party’s external interface receives the transaction and
supporting evidence and uses it to formulate a trust management question (step
4), “Is my policy satisfied?” Policy evaluation may include a number of real-time
queries:

(a) a real-time status check on the submitted certificate (step 5),

(b) an application-specific real-time check, such as communication with a bank
to determine current credit-worthiness, and

(¢) a evaluation of locally-held policy-related information, such as the buyer’s
prior transaction history with this particular seller.

The relying party’s policy evaluation engine combines externally gathered status
information with local policy and generates an acceptance or denial result. In
either case, a statement of the decision is returned to the seller (step 7).

There is a second important concept at work here that is often overlooked:
receipts outlive transactions. Long after a transaction has run to completion and
terminated, the receipts involved in that transaction are still “live” because they
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Fig. 2. Policy evaluation, confirmation and receipts

provide evidence of what took place. Should the transaction be repudiated at a
later date, for example, it is the signed receipts that will be required to prove or
refute the claim. By having buyers issue certificates as receipts for transactions,
we replicate this financial model in the PKI domain. Furthermore, because the
infrastructure for issuing certificates already exists, it is not only feasible but
also simple to leverage existing software to create, forward, evaluate and store
them.

3 Mechanisms

For lack of a better term, we call our proposed on-line status mechanism “certifi-
cate re-issuance.” The idea behind certificate re-issuance is deceptively simple:

Any useful response to a real-time query concerning the status of a
public key is necessarily a (digitally-signed) statement about that pub-
lic key. Similarly, the response to a query concerning the status of a
certificate for a public key is necessarily a (digitally-signed) statement
concerning that certificate, which is itself a (digitally-signed) statement
about a public key. In both cases, the response can be expressed com-
pletely as yet another (digitally-signed) statement about a public key.
That is, the response to a real-time query is just another certificate.

In an X.509v3/PKIX-based PKI, we make statements about a public key by
issuing certificates that contain both the subject public key and the semantic
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content of the statement we wish to make about it. In a real-time status query,
our goal is typically to ask one of two questions: (a) has some particular subject
public key been compromised, or (b) is some particular statement about a public
key no longer valid? The response to (a) is a statement about the validity of a
public key, which is clearly semantically equivalent to a certificate issued for
that key. The response to (b) is a statement about a certificate. While we could
choose to use some other syntax to embody such a statement (e.g. a PKCS#7
[9] or CMS [4] signed message), it is possible to use standard X.509v3 certificate
syntax and doing so yields some nice additional properties.

Consider a typical PKI-based scenario involving a high-value transaction. Let
Alice and Bob be respectively the requesting and relying party in a two-party,
high-value transaction. As part of the transaction request, Alice presents a set
of credentials (evidence) that she hopes will help convince Bob to perform the
requested transaction. These credentials include one or more certificates ¢; that
relate to Alice’s public key. Without loss of generality, assume that cg, c1, . . ., ¢,
is a single certificate chain and that Alice’s public key is the subject of ¢,,.

Bob’s policy for the requested transaction will accept the certificate chain
o, - - -, Cn, as proof that Alice’s public key is authorized to make the transaction
request. However, due to the specifics of the transaction Bob’s policy additionally
requires real-time proof that Alice’s key has not been compromised in order for
the transaction to be processed. So, Bob asks Irwin, the issuer of certificate ¢,
whether the binding attested to within ¢, is still valid. (Note that it was Irwin
who validated the name-key binding between Alice and her public key in the
first place.)

In response to this request, Irwin issues a second certificate, ¢),, which restates
the binding between Alice’s name (or other identifying information) and her
public key but with semantics that reflect the binding’s state at the current
time. For example, ¢/, might have a very short validity period covering only the
duration of Bob’s real-time request, where cn may be valid for a year or more.
Assuming that ¢, was signed by Irwin with the same public key as was used to
sign ¢,, Bob may validate ¢/, using the same certificate chain that validates c,,.
That is, if ¢g, c1,. .., ¢cp—1,Cp is a cryptographically-valid certificate chain, then
so is ¢g,c1,. .., Cn—1,C,. The evidence gathered in cy,...,c,—1 that validates
Irwin’s public key with respect to ¢, also validates that key with respect to ¢,.

The two certificates ¢, and ¢, do have different semantics, so we need to
distinguish them in some fashion. This may be easily achieved through the use
of standards X.509v3 certificate extensions. For the inbound request for real-
time status information there are a few standards-based syntax options, all of
which are approximately equal in function and expressive capabilities.

3.1 The Response

We first detail the response to a real-time status check rather than the request
itself because in our particular case the response is the more interesting of the
two messages. By viewing a real-time status request as a certificate request, we
accomplish two significant tasks missing from other proposed standards such as
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OCSP. First, we leverage existing syntax, message formats and infrastructure
as opposed to creating new messages out of whole cloth. Second, we keep our
risk-related semantics consistent; responding to a real-time status check is yet
another risk transference, just like certificate issuance.

There are compelling practical and technical reasons to avoid creating new
syntax for real-time status requests and responses, the most important one being
that “we have too many different messages types already.” In order to construct
PKI message components you need two things: a standard format for making
digitally-signed statements and some agreements on semantic meaning for some
forms of statements. We have a standard format for making digitally-signed
statements: the PKCS#7/CMS family of message types [4,9]. Anyone who has
labored in the X.509v3/PKIX realm knows that as these two message types are
arbitrarily extensible they are more than sufficient for expressing any desired se-
mantics concerning signed statements. This includes certificates and certificate
requests, of course. Had PKCS+#7 come first we might have avoided X.509v3 en-
tirely and simply made certificates be a special type of PKCS#7 message. (Sim-
ilarly, PKCS#10 certificate requests could easily have been based on PKCS#7
t00.)

However, since X.509v3 did come first we have lots of infrastructure for deal-
ing with both certificates and PKCS#7 messages, with instances of the former
normally thought of as providing the evidence for accepting instances of the lat-
ter. This distinction is not really important however, since X.509v3 certificates
are themselves extensible and fully capable of making statements about keys and
other certificates. Thus X.509v3 is a perfectly reasonable and practical standard
for on-line status responses; we need only define the semantics of an extension
or two to provide the new functionality.

Assume that an on-line status responder receives a request to provide cur-
rent information on the key contained with certificate ¢,,. (We view requests for
status information concerning ¢, itself versus the public key contained within ¢,
identically as the only difference in the two responses will be a minor semantic
distinction indicated in one extension.) Section 3.2 proposes some mechanisms
for delivering the actual request to the responder; for our immediate purposes
the particular mechanism is not important, only that the responder receives the
request and accurately identifies it as a “freshness check” on ¢,. If the responder
can confirm that the subject certificate has not been revoked and/or wishes to
apply new policy, he then issues c},, a new certificate, which differs from c,, as
follows:

1. The validity period of ¢}, is narrowed to the window in which this freshness
certificate is valid. (This period is likely to be significantly shorter than the
validity period of ¢, itself, and in practical terms is probably less than one
day in duration.)

2. The responder adds to ¢, a new extension indicating that it is a freshness
assertion about a public key or another certificate. The presence of the ex-
tension itself (which is identified by its own OID) can server as notice that
the certificate is a response to a status check. The data contained in the
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extension, which we call the ResponseSubject, must necessarily reference the
object for which status was requested: a public key or a certificate. The eas-
iest way to do that is to use a modified form of the AuthorityKeyldentifier
data type defined in PKIX Part 1, Section 4.2.1.1:

ResponseSubject ::= SEQUENCE {
keyIdentifier [0] KeyIdentifier OPTIONAL,
certIdentifier [1] CertIdentifier OPTIONAL,
certIssuer [2] GeneralNames OPTIONAL,
certSerialNumber [3] CertificateSerialNumber OPTIONAL,

}

KeyIdentifier ::= OCTET STRING

CertIdentifier ::= SEQUENCE {
hashAlgorithm AlgorithmIdentifier,
certHash CertHash

}

CertHash ::= OCTET STRING

A ResponseSubject may be one of three types: a reference to a particular
public key, a reference to a particular certificate via hash, or a reference to
an issuer/serial-number pair (which should only correspond to a single cer-
tificate). (We expect that these three options will be used exclusively: a Re-
sponseSubject is likely to contain exactly one of keyldentifier, certIdentifier
and the pair (certIssuer, certSerialNumber).) Note that since the keylden-
fier is presumed to correspond to a SubjectKeyldentifier contained within
certificate ¢, there is no need to identify a hash algorithm for it. For the
CertIdentifier structure we need a certificate hash (algorithm and hash func-
tion output) to uniquely identifier the certificate that is the subject of the
response.

3. Additionally, the responder may choose to add other extensions to further
qualify the status statement being made in the certificate.

In the failure case the responder has a couple of options. First, the responder
could simply fail to return a response, although this is not particularly useful to
the requesting party. More likely, the responder will return some other signed
statement including information concerning why the status check failed. A third
possibility is to require that certificates issued in response to an on-line status
check contain two extensions; one containing the ResponseSubject information
described above, and a second (call it ResponseStatus for lack of a better term)
that explicitly contains success/failure information. A requesting party’s policy
could easily check such explicit information as part of its evaluation of ¢/,.
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3.2 The Request

Having defined the response message in our real-time status protocol, we now
turn to the syntax for requesting a real-time status certificate. The request mes-
sage is not as interesting technically as its sole purpose is to convey, from re-
questor to responder, the key or certificate for which status information is de-
sired. Even restricting our set of available protocols to those defined by the IETF
PKIX and S/MIME working groups, there are still a number of possible methods
to perform this task. We outline three of these below; any of them would suffice.

The first possibility for delivering the request message is to view the request
as a variant of the enrollment process for a new key pair, since the outcome of
both processes is the issuance of a certificate. The de facto industry standard for
requesting a certificate for a public/private key pair is defined by the PKCS#10
protocol [10]; however, PKCS#10 messages are self-signed to provide proof-of-
possession of the corresponding private key. Since we assume that in the case of
real-time status checking the requesting party is not normally the same entity
as that possessing the key pair in question, a standard PKCS#10 message is not
sufficient.

The second standards-based possibility for real-time status checking is to
model the request as a variant of the certificate renewal enrollment process. The
difference between certificate renewal and enrollment for a new key pair is that
in renewal one or more certificates have already been issued against the key pair
in question. These certificates may be submitted to the issuing authority as evi-
dence that a new certificate should be issued. In our case, if the requestor wants
status information concerning a particular certificate c, the message delivered to
the responder may be exactly that particular certificate. If the requestor wants
status information concerning a particular public/private key pair, a certificate
containing the public component may again be used as the message to the re-
sponder. Note that in the latter case some additional information must be sent in
addition to indicate that a response about the key is desired and not a response
about the certificate carrying the key.

A third possibility for the request message format, and perhaps the most sat-
isfying of the trio, is simply to leverage the existing extensibility in the proposed
CMS-based certificate enrollment protocol [3]. In CMC, the Full Enrollment Re-
quest message is a signed CMS with a payload of zero or more commands and
enrollment requests. We can use the ResponseSubject structure defined above
as the value in an OID-value pair, and include any referenced certificates in the
CertificateSet portion of a SignedData CMS content payload. That is, the body
of the CMS SignedData message becomes simply a data structure of the form:

SEQUENCE OF

SEQUENCE {
id-realtime-status-request // an OBJECT IDENTIFIER
requestSubject // a ResponseSubject
¥

3
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where ResponseSubject is as defined above and provides a reference either to a
particular public/private key pair (by referencing the key identifier of a public
key), or to a particular certificate (either by hash or by an (issuer name, serial
number) pair). The type of request being made (key versus certificate) is implicit
in the choice of identifier®.

In summary, both the request and response messages in our proposed real-
time status protocol easily fit within the bounds of current PKI infrastructures.
The request message can be built on top of the PKCS#10, X.509v3 or CMS
standards (CMS being the most convenient and straightforward of the three).
The response message is an X.509v3 certificate. Obviously, there is a clear advan-
tage to extending current standards as opposed to inventing new message types
as existing PKI clients and certificate servers will require minimal modifications
to take advantage of our proposed protocol.

4 Economics

Our proposal differs from the OCSP model in one more significant way: the
pricing model for digitally-signed statements. OCSP pre-supposes a particular
pricing model that attaches high cost (and high liability) to the issuance of every
certificate. At the same time, OCSP also presumes that there exists a relatively
small community of qualified certificate issuers and designated status responders.
We believe this is a narrow view; there is no a priori reason to so restrict the
universe of possible issuers of signed statements. Ultimately risk lies not with the
issuer of a “global certificate” that provides some particular long-term binding
(such as an “identity certificate” binding some name-related information to a
key pair), but rather with the numerous parties that issue receipts.

The premise that individual certificates are relatively scarce and relatively
expensive also pre-supposes that acceptance policy is dictated to third parties
by the certificate issuer. That is certainly not the case in financial transactions;
acceptance policy is strictly a policy of the party buying the risk. This is simply
an extension of the principles of decentralized trust management [1,2] to the
financial realm. In this model, when a transaction is purchased and the buyer
issues a certificate as a receipt, the receipt simultaneously represents two distinct
assertions. First, of course, the receipt denotes the transfer of ownership. Second,
and more subtlety, the receipt represents proof that the seller submitted sufficient
evidence to the buyer to satisfy the buyer’s policy. The receipt, therefore, is proof
of a two-way commitment between seller and buyer.

Finally, notice what happens when the buyer of a transaction, after issuing a
receipt, turns around and re-sells it. Buyer becomes seller, and the receipt issued
previously is now a piece of evidence submitted to the new buyer proving that

5 As CMC allows multiple message bodies to be encapsulated in a single CMC pay-
load, we also get the ability to request status on an arbitrary number of keys and
certificates simultaneously. Each request will generate a response certificate from the
responder; all of these certificates may be returned to the requestor in a single CMC
Full PKI Response message.
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the old buyer applied his own policy at the time he purchased the transaction.
In fact, the set of receipts generated by every transfer of the transaction forms a
digitally-signed chain of evidence binding not only every step of the transaction
but also every policy application that happened along the way. In practice these
policy assertions are explicitly detailed in the contractual relationships between
parties that govern rights of repudiation® around transactions, but they are not
explicitly bound into the transactions themselves.

Figure 3 illustrates how accumulated signed receipts, generated as part of the
process of selling and re-selling a single transaction, encapsulate the transaction’s
history. Initially, party A holds transaction T and receipt Certp (the receipt
describes how A came to hold the transaction in the first place). He proposes
to sell the transaction to party B (step 1) and sends B the transaction along
with his certificate and other supporting evidence. B evaluates the evidence to
see that it satisfies his policy and issues a receipt—Cert-as proof that his policy
was satisfied (step 2). The new receipt is returned to party A in step 3 and the
transaction between A and B concludes. B now holds transaction T, certificate
Cert p (which references T) and certificate Certg (which references both T and
CertA).

e 1) 9
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Fig. 3. Accumulated receipts encapsulate transaction history

5 In the credit card world, for example, it is the “operating regulations” that encap-
sulate such policies.
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Now B decides to re-sell the transaction to party C. As above, B first sends the
transaction to the proposed buyer along with his supporting evidence (step 4).
Notice that the evidence submitted by B includes both the evidence submitted
by A to B when B bought the transaction in the first place as well as the receipt
B issued showing that B’s acceptance policy was satisfied. Party C performs his
own acceptance policy evaluation in step 5 and issues certificate Cert as proof
of acceptance of the transaction. This new receipt, which references T, Cert 5
and Certp, is returned to B (step 6) to complete the resale of the transaction.
A further resale of the transaction from C to D is shown in steps 7-9, resulting
in D issuing receipt Certpy.

At the conclusion of the three sales of transaction T (step 10), party D holds
the transaction and four receipts—Cert p, Certpg, Cert(y and Certpy. Together,
these receipts detail exactly how transaction T moved among the four parties,
what policy decisions were made along the way, and the commitments made by
each party in the process. Even after the transaction terminates and no longer
exists, the receipts persist and continue to provide evidence.

5 Conclusions

The need for real-time status information in closed PKIs for financial transac-
tions is clear; what is dubious is the need for new infrastructure to convey such
information. We have shown above that is not only possible but preferable, from
technical and economic perspectives, to use reuse the existing certificate issuance
mechanisms and infrastructure. Digitally-signed status information about a cer-
tificate is itself the semantic equivalent of a certificate; we should treat it as
such.

There is one final (yet quite compelling) argument to leverage certificate (in
lieu of new non-certificate-based) infrastructures for real-time status informa-
tion, and that is the infant (but growing) body of international law surrounding
digital signatures and certificates. Only now are we beginning the process of cre-
ating the legislative underpinnings for certificates to have legal effect, and legal
effect is an absolute requirement for the application of digital signatures and
certificates to financial transactions. It is not at all clear that a new message
type, with new syntax and semantics, would automatically fall within the legal
frameworks currently being constructed. Why, absent a solid technical reason to
do so, take that chance?
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Abstract. In this paper we consider the problem of efficiently locating
cryptographic keys hidden in gigabytes of data, such as the complete file
system of a typical PC. We describe efficient algebraic attacks which can
locate secret RSA keys in long bit strings, and more general statistical
attacks which can find arbitrary cryptographic keys embedded in large
programs. These techniques can be used to apply “lunchtime attacks” on
signature keys used by financial institutes, or to defeat “authenticode”
type mechanisms in software packages.

Keywords: Cryptanalysis, lunchtime attacks, RSA, authenticode, key
hiding.

1 Introduction

In this paper we consider the problem of efficiently locating cryptographic keys
in large amounts of data. As a motivating example, consider a financial institute
which uses the manager’s PC to digitally sign wire transfers. In our “lunchtime
attack” scenario, the attacker (who can be a secretary, technician, customer, etc.)
can sneak into the manager’s office for a few minutes while he or she is away
for lunch. We assume that the PC is off line, and cannot be directly used to
sign unauthorized wire transfers. The goal of the attacker is to quickly scan the
gigabytes of data on the hard disk in order to find the secret signature key. This
key may be kept as a separate data file on the PC (due to overconfidence), or
permanently embedded in the cryptographic application itself (due to poor de-
sign). Even worse, the key may be stored on the PC unintentionally and without
the knowledge of its security conscious user. For example, the key may appear in
a Windows swap file which contains the intermediate state of a previous signing
session, or it may appear in a backup file created automatically by the operating
system at fixed intervals, or it may appear on the disk in a damaged sector which
is not considered part of the file system. We assume that the attacker can use a
diskette to bring in a short program and to bring out the discovered key, but he
does not have enough storage to copy the whole contents of the hard disk, and
does not have enough time to try each subsequence of bits from the hard disk
as a possible signature generation key.
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Another example in which an attacker may wish to locate cryptographic
keys in large files is in “authenticode” type applications. In many systems a
software producer wishes to exercise some control over what code is run on a
user’s computer. There are many reasons for wanting to do this. A vendor might
want to ensure that files have not been corrupted when being used in a mission
critical system or that vendor might want to limit third party add-ons to ones
it has authorised. If the application is a security sensitive one then it might be
necessary to ensure that none of the security features have been subverted. If
the application allows cryptographic extensions to be added, a government might
insist that any extensions are authorised before they can be used. Clearly there
are a number of reasons, both good and bad, for wanting code authentication.

As well as reasons for authenticating code there are also reasons, both good
and bad, for wanting to bypass the authentication. A third party software pro-
ducer might want to try to break the monopoly of the original author by pro-
viding add-ons that have not been authorised, or they may want to develop
cryptographic extensions for use when they might not otherwise be available.
A hacker might maliciously want to subvert the security of a secure system or
damage the code in a safety critical system.

2 Finding Secret RSA Keys

In this section we assume that the attacker knows the public key n and e of an
RSA[2] scheme used by his victim, and has temporary access to a long string of
u bits (representing the full contents of the hard disk) which is known to contain
the corresponding secret key d as a contiguous substring of v bits. A typical
value of u can be 10'°, while a typical value of v can be 103.

The simplest solution to the problem (which is applicable to any cryptosys-
tem) is to obtain a cleartext/ciphertext pair, and then to scan the long bit string
and perform trial decryption with each subsequence of length v as a possible key.
Rare false alarms can be discarded by trying additional pairs. Ciphertext only
attacks are also possible, but typically require more decryptions with each candi-
date key to identify the expected cleartext statistics. In public key cryptosystems,
it suffices to know the victim’s public key, since the attacker can generate by
himself the required cleartext/ciphertext pairs.

The main problem in applying this technique to the RSA scheme is that
each modular exponentiation is very expensive, and its time complexity grows
cubically with the size v of the modulus. If we have to try about w possible
substrings as candidate values for the decryption exponent d, we get a total
complexity of O(uv?®), which is polynomial but impractical (about 10!° for the
typical parameters mentioned above).

A faster algorithm is based on the observation that consecutive candidates
for d have a huge overlap. When we move a window of size v over a string of size
u, the contents of two consecutive windows can differ only in their first and last
bits, and in the fact that their other bits are shifted by one bit position. When
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the contents of the two windows are interpreted as binary integers d’ and d”, we
can relate them via:

d’ = 2d/ +c1 — 822v

where ¢; and ¢y are either 0 or 1. Given a value of the form m? (mod n), we
can compute the value of m?" (mod n) by performing one modular squaring, and
0, 1, or 2 additional modular multiplications with precomputed numbers. Since
the complexity of each modular multiplication is O(v?), the total complexity
drops from O(uv?) to O(uv?), or about 10! in our typical scenario.

Our next observation is that when the public exponent e is small, this result
can be greatly improved. Small e such as 3 and 2'6 4+ 1 are very common in
software implementations of RSA, since they make the encryption and signature
verification operations 2-3 orders of magnitude faster than full size exponents.

Consider the case of e = 3. The secret exponent d is known to satisfy 3d =
1(mod ¢(n)), where ¢(n) = (p —1)(¢ —1) = n — (p+ ¢ —1). We can thus
conclude that 3d =1+ en — ¢(p + ¢ — 1) where c¢ is either 1 or 2. The value of
(p+q—1) is unknown, but it contains only half as many bits as n. We can thus
perform approximate division by 3, and get for each one of the two choices of ¢
a candidate value for the top half of d. For the typical parameters, this implies
that we can easily compute two candidate values for the top 500 bits of d. Such a
large number of random bits makes it extremely unlikely that we will encounter
false alarms, and thus we can use a straightforward string matching algorithm
to search for the known half of d, and recover the other half from any successful
match. The time complexity of such an attack is just O(u), and for all practical
purposes it is only limited by the maximal data transfer rate of the hard disk.

This technique can be used for larger values of e, but its efficiency drops
rapidly since the number of candidate values for the top half of d grows ex-
ponentially in the size of e. We now describe an alternative technique, which
remains reasonably efficient for values of e whose binary size is smaller than half
the size of n. The basic idea is to compute for each candidate substring d’ the
value of d'e — 1. For the correct value d, the result is zero modulo ¢(n). In other
words, it is equal to c.¢(n) in which the multiplier ¢ is smaller than half the
size of n. When we reduce d’e — 1 modulo the known n instead of modulo the
unknown ¢(n), we get zero minus an error term which is somewhat smaller than
n, i.e., a small negative value.

To use this observation, we consider two windows of length v in the given bit
string of length u, which are shifted by a single bit position with respect to each
other. Denote their numeric values by d’ and d”, which are related by d” = 2d' +
c1—c22". Assume that we have already computed d’e—1( mod n), and would like
to compute d”e — 1(mod n). Since ¢; and ¢y are single bit quantities, we need a
constant number of additions/subtractions to carry out this computation. The
algorithm can thus scan the whole bit string in time O(vu), and announce any
location which makes the computed result a small negative number, a candidate
value for d. If e is sufficiently small (compared to half the size of n), there are
likely to be no false alarms. This technique can be optimized further in a variety
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of ways, such as updating only the most significant bits of de — 1( mod n) during
the scan, and recomputing its precise value only infrequently in order to prevent
excessive buildup of computational errors.

A completely different approach is to look for the secret primes p and ¢ whose
product is the known value of n. The signature generation procedure does not
have to know these values in order to compute m?(mod n), but in almost all the
practical implementations of the RSA scheme the signature generation process
uses these factors to speed up the computation by a factor of 4 by using the
Chinese Remainder Theorem.

We make the reasonable assumption that p and ¢ occur next to each other
on the long bit string, and thus the distance between their least significant bits
is about v/2. We can thus try to multiply any pair of substrings of length v/2
in which the second substring is shifted with respect to the first by v/2 + i
bits for ¢ = 0, 32,64, and compare the result to n. The total complexity of this
approach is O(uv?). However, it can be reduced to just O(u) by performing the
test modulo 232, i.e., by multiplying the least significant words of p and ¢, and
comparing the bottom half of the result to the least significant word of n. Since
multiplication of 32 bit numbers on a PC is a very fast basic operation, and the
probability of false alarm is sufficiently small, the algorithm is quite practical.

3 Finding Public Keys

In the previous section we looked at finding the secret keys in the context of some
sort of “lunchtime attack”. In this section we look at finding public keys (usually
signature verification keys) with a view to subverting a public key infrastructure.

Consider the case of an “authenticode” system. While it is usually possible
to completely disable all signature checking on code, it is rarely desirable to do
so. If all checking is removed it may leave a system wide open to naive attacks.
A better method of bypassing code signature checking is to replace the signature
verification key with a key of your own choosing. Of course if you can do this,
someone else can too, but it can protect against a less able attacker.

The usual process for locating anything is to try to identify some charac-
teristic of what is being located and then to look for that characteristic. One
characteristic of cryptographic keys is that they are usually chosen at random.
Most code and data is not chosen at random and it turns out that this differen-
tiation is significant. When data is random it has higher entropy than patterned
information that is not random. This means that we should be able to locate
cryptographic keys among other data by locating sections with unusually high
entropy.

During our work we considered one particular system which we knew to con-
tain an RSA signature verification key. The system is a modular cryptographic
application programming interface produced by a major software vendor and it
is widely used in commercial applications. The file we suspected of holding the
key was approximately 300 kilobytes and we had no information as to where the
key might be.
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3.1 Visual identification of high entropy regions

The human eye and human brain between them are very good at picking up
on patterns. Since the majority of the data in programs have some structure,
while we expect to see very little structure in key data we can pick out the
location of the keys simply by looking at the data in some suitable representation.
Figure 1 is a one bit per pixel image from part of the program data in the code
authentication system. The middle section of the image contains the signature
verification key and it is visibly more noisy than the surrounding data.

Fig. 1. Key information (in the middle of the figure) looks more noisy than the
rest of the data

While visual inspection of the program data allows us to locate the keys in
a body of data, it is rather slow and labour intensive. We can achieve the same
result by more mechanical means.

3.2 Identifying keys by measuring entropy

Since we know that key data has more entropy than non-key data, one way to
locate a key is to divide the data into small sections, measure the entropy of
each section and display the locations where there is particularly high entropy.

While getting a true measure of entropy is a complex task, in practice the
entropy of most program code is so low that a true measure is not needed. In our
experiments we found that examining a sliding window of 64 bytes of data and
counting how many unique byte values were used gave a good enough measure
of entropy. Throughout the first body of code we worked on the average window
of data contained just under 30 unique values (with a standard deviation of
close to 10). The windows which covered the key data averaged 60 unique byte
values; a full 3 deviations from the mean. In a body of 300 kilobytes of data only
23 windows had a ‘score’ greater than 50 and of these 20 were consecutive and
corresponded to the location of the key data.

In the general case, where we are faced with locating a key of length v bits
in a body of code made up of u bits we can find the areas of highest entropy
with a complexity of order u, since our method does not depend on the key and
can be performed using only linear passes of the data. Clearly the success of this
statistical method depends on the nature of the program concerned.
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4 Better Methods of Hiding Keys

In the specific case of hiding RSA private keys, there are many countermeasures
which can be used to make the described attacks less likely to succeed. The most
obvious technique is to keep all the cryptographic keys on a detachable device
such as a smart card, or to keep them encrypted under a strong memorized pass-
word on the hard disk. However, such a key must be used by the application in
decrypted form during the signature generation process, and thus may be left in
such a state somewhere in the PC’s file system, as described in the introduction.

A simple example of one such countermeasure when e is small is to replace
the standard decryption exponent d by an equivalent exponent of the form d’ =
d + c¢p(n) for a moderately large ¢ with several dozen bits. The user can directly
use d’ instead of d in his modular exponentiation operations, and its complexity
grows by a negligible amount. The advantage of such a d’ is that the attacker can
no longer predict some of the bits of the decryption exponent just from the fact
that the encryption exponent is small. However, it does not prevent the other
attacks described in this paper.

Entropy based attacks to find key data can be resisted by matching the levels
of entropy in non-key and key data. In practice we are concerned with the entropy
density, not the total entropy; we must have the same amount of information
over all but having the large concentration of entropy in the key data makes it
easy to spot. We can achieve this either by trying to lower the entropy density
of the key data or by raising the entropy of the other data.

We can lower the entropy density of the key by spreading the key out over
more of the program. There are various options here. One way we could do this
is to construct a set of values, each with relatively few bit value changes and thus
with lower entropy, such that some simple combination of these values results
in the key value we require. This works well in spreading the information but
it incurs a computation overhead to set the key up. Another way would be to
generate some code which when run results in the key value being placed into a
buffer. Again, this requires some computational overhead but with luck this can
be small compared to the computation to use the key.

There is another option for hiding the key, which can potentially not only do
away with the computation overhead but also be more robust than other options.
Consider that the key must be known at the time that the program is built. Given
suitable tools we can present the key as a constant in the computation which is
carried out using that key and then we can optimise the code given that constant.
This will cause the key to be intimately intertwined with the code which uses it.
Not only will the resulting code look very much like normal code (making the
key hard to find), but it may also make the computation run faster than if the
key were placed in a separate memory buffer. Furthermore if the optimisation
process is thorough it will likely be extremely hard to change the key without
replacing the entire section of code which uses that key.

The other class of solutions for hiding the key is to make the entropy of the
rest of the data appear higher. One way to do this is to encrypt the program so
that it decrypts itself before it runs. Work has been carried out in this field by
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Intel Corporation[l] and others and it can lead to systems which are very hard
to subvert but it does so at a cost. There will always be a computation overhead
involved in decrypting the code and data before it is used and this will slow the
system down.

5 Conclusions

The problem of efficient identification of stored secret keys in lunchtime attacks
(as opposed to efficient computation of unknown secret keys by cryptanalysis)
had received almost no attention in the literature so far, even though we believe
that it poses a great threat to many enterprises with commercial grade physical
security (such as banks, brokers, lawyers, travel agencies, etc.). Such attacks are
particularly effective when a company sends its computers to a repair shop or
sells them as junk, since it leaves no traces and there is no risk of detection
(compared to attacks based on sneaking into the manager’s room or installing a
virus in his computer).

Our techniques seem to be applicable to a wide variety of other public key
schemes, in addition to the RSA scheme. For example, in the Fiat-Shamir sig-
nature scheme, the secret key s is the square root of the public key a modulo
n. A simple scan of the long bit string which checks for each candidate sub-
string s’ whether s> = a(mod n) has time complexity O(uv?). By using the
algebraic relationship between any two consecutive candidates s’ and s”, we can
update the value of s"?(mod n) into s”?(mod n) in a constant number of addi-
tion/subtraction operations, and thus the total time complexity can be reduced
to O(uv). We are now in the process of developing similar attacks on other public
key cryptosystems.

The problem of keeping a “public” key secret has also received little attention
even though a great many public key infrastructures place huge value on a small
number of root public keys. If computer programs must be operated in an hostile
environment they need to have some form of protection. While it is relatively
easy to build tamper resistant hardware it is much harder to protect computer
software. It should be observed that re-keying a code authentication scheme
is an attack on the Public Key Infrastructure rather than an attack on the
cryptosystem. Over the years we have seen that attacking the PKI is often by
far the most efficient way to break public key cryptosystems and this is no
exception.
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Abstract. An adversary who knows a watermarking scheme can extract
the watermarked coefficients and attack them directly. This situation
can be understood in a similar way to jamming as known from military
communications and system performance can be described in terms of
channel capacity and distortion. Using a gradient method, the attack is
optimized from the adversary’s viewpoint by minimizing channel capac-
ity. It turns out that then for the same level of distortion and equiproba-
ble modulation symbols binary modulation can achieve a higher channel
capacity than modulation alphabets of larger size.
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1 Introduction

A significant advantage of the digital recording of sound and image signals in
comparison to their analog representation is their higher play back quality. This
higher quality is preserved when the data are copied or transmitted: The copy
of a digital media cannot be distinguished from the original, and received digital
data are identical to the transmitted data unless they are subject to severe noise
or interference.

In the past few years, these advantages lead to an explosive growth in the use
of digital media. Since digital recording devices and data networks are becoming
increasingly widespread, the advantage of lossless copying and transmission has
turned more and more into a drawback: Creators and distributors of digital data
are hesitant to provide access to their intellectual property.

As means to enforce copyright protection, the technologies of digital water-
marking and fingerprinting have been proposed. Both are based on the idea to
embed a watermark into the digital data in such a way that it can neither be
perceived nor detected by statistical means. However by showing its existence
within the data, the copyright holder can prove that this data is his intellectual
property. In fingerprinting, the watermark is designed to characterize the user of
digital data so that a dishonest user who illegally distributes copies of the media
can be identified.

Unfortunately software programs to circumvent such copyright protection
schemes spread on the internet at least as rapidly as the data to be protected
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itselves. Besides of legal methods of signal processing and source compression
there are mainly three attacks directed precisely against watermarks, namely
watermark forgery, jamming, and collusion. Therefore copyright owners legiti-
mately ask for the security of the available protection mechanisms. Up to now,
mostly simulations have been used to demonstrate their performance. Simula-
tions, however, cannot give a satisfactory answer on this question. They are
always spot checks, limited to a certain set of test data as well as to certain at-
tacks; but an owner is interested in the level of security provided to his particular
work. Furthermore the rapid increase in computational power raises the doubt
that in the near future attacks on the watermarking scheme might be possible
that cannot be simulated on currently available computers.

The goal of this contribution is a fundamental investigation of the potential
of watermarks. A jamming attack is studied to determine their performance lim-
its. Jamming is known from military communications, where data transmission
has to be unnoticeable and an attacker tries to destroy the data by superim-
posing another signal of limited power. In [1] communication in the presence of
jamming is described as game between transmitter and receiver on one side and
the attacker on the other. Transmitter and receiver determine modulation and
demodulation scheme trying to maximize channel capacity while the jammer
chooses a probability distribution of the jamming signal minimizing capacity.

As usual, the use of theory in place of simulations requires a simplification of
the investigated system. The watermarking scheme considered here is intended
for digital still images. The watermark is embedded by shifting the magnitude
of mutually independent coefficients generated from the image. In many cases,
dependencies between watermark coefficients can be represented by encoding,
e. g. watermarks based on spread spectrum techniques [2,3] can be understood
as a simple repetition code. However these dependencies must be hidden by
encryption to avoid that an adversary exploits them for his attack. Another
assumption, well-known from cryptography, is that the watermarking scheme is
known in public. This permits an adversary to add his jamming signal directly
onto the watermark. Unlike common image signal processing methods, against
which the robustness of watermarking schemes is tested usually, the damage
inflicted to the watermark by this jamming attack is not only a side effect, but
its sole purpose. Therefore in the authors’ opinion it is a more severe threat to
watermarking schemes than other signal processing methods.

Based on this simple, but nevertheless fairly general watermarking scheme,
a framework is presented how the effect of this jamming attack can be ana-
lyzed in terms of channel capacity and distortion. Distortion is a measure for
the extent in which the embedding of the watermark respectively the attack
cause perceptible damage to the image, while channel capacity measures the
amount of data that can be transmitted from the watermark embeddor to the
extractor to characterize the proprietor (in watermarking) or a certain customer
(in fingerprinting). The concept of channel capacity implies as preliminary a
reliable, i. e. a, by appropriate encoding, asymptotically error—free data trans-
mission and thus maximum possible robustness of the watermark. The proposed
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analysis method essentially aims at optimizing the attack from the adversary’s
viewpoint. By means of a gradient method it determines the probability dis-
tribution of the jamming signal such that capacity becomes minimum. In this
way a watermarking scheme can be evaluated without restriction to certain test
images and without simulations. This method has been used to investigate the
influence of the size of the modulation symbol alphabet, and it has turned out
that for a given distortion smaller alphabets of equiprobable symbols achieve a
higher capacity.

The remaining part of this paper is organized as follows: The next section
presents a watermarking scheme to provide a basis for the subsequent investiga-
tions. In section 3, an adversary’s possibilities to attack this system are studied
and an attack is proposed. Section 4 describes a method to analyze this attack
numerically with respect to the remaining data transmission capacity of the wa-
termarking channel on one hand and to the amount of visual damage that must
be accepted by the adversary on the other. Results and suggestions for the choice
of the modulation alphabet will be given in section 5.

2 System model

The three main evaluation criteria for watermarking systems are their robust-
ness, the amount of data carried by the watermark and the perceptibility of
the image modifications caused by embedding the watermark respectively by an
attack.

In this contribution, the tradeoff between channel capacity and perceptibility
of an attack is investigated. The notion of channel capacity implies asymptot-
ically error—free transmission, i. e. maximum possible robustness. To maximize
the data rate, coherent watermark extraction, i. e. with access to the original
unwatermarked image, is assumed. In incoherent extraction, the original image
acts as a kind of noise signal being superimposed to the watermark. Since the
original image’s signal is much stronger than the watermark signal the SNR is
very low; so, powerful error—correcting codes must be applied and the amount
of data carried by the watermark is small. It is up to the copyright holder to
trade off the higher watermark performance against the drawbacks of keeping
the original of his work and providing it in the extracting process. The analysis
below, however, cannot be based on such personal preferences, of course. There-
fore only the coherent system is considered as it gives an upper bound on the
performance of both coherent and incoherent watermarking schemes.

2.1 Watermarking scheme

In the sequel a fairly general watermarking scheme is presented, which comprises
many of the schemes presently known in literature. Fig. 1 depicts the transmitter
side of this scheme.
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Fig. 1. Watermark embedding
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At first, the original image is transformed before the watermark signal is
embedded in the transform domain. Common transforms are the Discrete Co-
sine Transform (DCT) as well as wavelet transforms; other possibilities are the
Fourier and the Walsh transform or even the null-transform, i. e. watermark em-
bedding in the spatial domain. For the watermarking scheme under investigation
here, the DCT of blocks of 8 x 8 pixels is assumed. This is the same transform
as in the JPEG image compression standard (see e. g. [13]) in order to achieve
a high degree of robustness with respect to this presently most important lossy
image compression scheme.

The watermark is generated as follows: The data that will be carried by the
watermark are first encoded by some error—correcting code to make them robust
against modifications on the channel. Then the codewords are encrypted. This
has two reasons: First it shall hinder an adversary to understand the contents
of the watermark in the case that he succeeded in extracting it. Second it com-
plicates a potential attack by hiding the original image as well as the structure
of the error correcting code. The latter is why encryption must follow encod-
ing, and as consequence of this order, encryption must be done using a stream
cipher, e. g. by adding a pseudo-random sequence from a keyed random gener-
ator. After encryption follows modulation, i. e. the mapping of the watermark’s
representation over a (usually) finite field onto a real-valued signal. Denoting
the ith coefficient in a DCT block before and after watermarking by ¢; and ¢;,
respectively, amplitude modulation can be described as

where the watermark x; is from the set X;{X,,...,X;4-1} of transmission
symbols

X, joc - (-1 +2L1> g —1, (2)
-
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defined by g—ary amplitude shift keying (ASK) modulation; herein « is a positive
real-valued constant. For binary modulation, this simplifies to

¥ {Xi,o} {—cia to embed a “0”}
X +c;a to embed a “17 [

Many other modulation schemes can be understood as a combination of this
ASK with some specific encoding, e. g. spread spectrum as the combination of
ASK with a repetition code. This does not hold for the flipping of the least signif-
icant bit, which maybe was the first modulation scheme used in watermarking.
However, it turned out in the meantime to be not robust enough and does not
need to be considered any further.

The factor « in eq. (2) serves to weight the watermark to adapt it to the
original image and thus make it imperceptible. It is well-known that in human
vision masking effects occur. Weighting the watermark signal exploits these ef-
fects to hide the watermark imperceptibly in the original image. The weighting
of course depends on the original image, which therefore before must be analyzed

in the spatial domain as well as in the transform domain. The weighting method
used here will be explained in more detail in the next section.

The inverse of watermark embedding is watermark extraction shown in fig. 2.
The first step of extraction is a kind of “channel estimation”: The suspicious

Suspic Channel
UISPIC'OUS Matched Transform D
mage Filter -

Channel
Estimation

Original

Image Transform T

Perceptual Analysis| _| Weight
(Spatial, Frequency) Correction
Reliabilities
Exg:;:etled —<— Decoding | Decryption | Demod.
Key

Fig. 2. Coherent watermark extraction
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image is compared to the original, which serves so to say as “pilot signal”. This
permits to detect, and in the subsequent “channel matched filter”, to remove
some typical modifications of the channel, like some linear filtering operations
or geometrical distortions (affine transforms) [3]. E. g. two—dimensional affine
transforms, attacks that destroy the synchronization necessary for the 8 x8 DCT
transform, can be undone after determining the offset of four points between the
suspective and the original image.

Afterwards, both the original as well as the suspective image are transformed
in the same manner as on the transmitting side. Subtracting the transform of
the original image from that of the suspicious image yields a probably modi-
fied version of the watermark. To permit a proper demodulation, the weighting
for perceptual masking must be inverted. Clearly, this requires beforehand the
same analysis of the original image in spatial and transform domain as on the
transmitting side. Afterwards, demodulation, decryption and decoding follow. If
possible, soft reliability information should be passed from the demodulator to
the decoder to improve its performance.

2.2 Model for human vision

A key issue in watermarking is the model for the human visual system (HVS).
It provides the basis for the perceptual analysis and via the weighting and the
selection of the coefficients to be watermarked, it influences the modulation
scheme. Furthermore it can be used to assess the distortion caused by an attack.

One of the most important image compression techniques presently is the
JPEG standard. It performs lossy compression, i. e. it separates visually impor-
tant from invisible and therefore unimportant information and encodes only the
important part. For this purpose, it applies the DCT: The DCT concentrates
most of the image’s signal energy in the low—frequency coefficients, particularly
in the DC—coefficient. Due to their lower magnitudes, the high—frequency coef-
ficients are visually less important and JPEG quantizes them more coarsely.

To survive JPEG as well as other lossy image processing techniques, a water-
mark must be placed within the visible information part, but nevertheless has
to be imperceptible. This can be achieved by a combined analysis of the image
in the DCT domain and in the spatial domain.

In the DCT domain, the N AC-coefficients with greatest magnitude are
selected to incorporate the watermark. Typically, N is in the range from 8 to
12. This avoids embedding the watermark in the perceptually unimportant and
thus error—prone high—frequency coeflicients as well as in the DC—coeflicients.
Changes in DC—coefficients likely result in visible damage.

In the spatial domain, the factor « in eq. (2) is selected dynamically for each
DCT block based on an analysis by the regional classification algorithm proposed
in [4]. This algorithm assigns each block to one of the following six classes:
1. Blocks containing an edge; 2. blocks with uniform structure and moderate
intensity; 3. blocks with uniform structure with either low or high intensity; 4.—
6. moderately to highly textured blocks. According to their decreasing sensitivity
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to image modifications, blocks in these classes are assigned the values «0.1, 0.12,
0.15, 0.2, 0.25, or 0.3, respectively.

Defining modulation and watermark embedding according to eq. (2) with «
chosen properly by regional classification follows the presumption in [3] according
to which a coefficient can be modified without perceptible distortion to the image
as long as the watermarked coefficient ¢; is in the range

ci(l—a) <& < ¢(1+a). (3)

In reality of course, distortion will not change abruptly from being imperceptible
to being a severe damage just in the moment when exceeding the borders of the
range given above. Rather it will become more and more noticeable the more
it exceeds the borders. Therefore in the sequel, distortion is measured by the
signal power of the signal outside this range:

Sp min{[cg (1t a)]2} (4)
if the distorted coefficient ¢; does not fulfill ineq. (3) and
Sp0 (4b)

otherwise.

Obviously, the above descriptions characterize a particular system in order
to permit simulations. The essential preliminary, however, for the theoretical
analysis presented in the following two sections is given in eq. (3): The existence
of a range within which modifications of the DCT coefficients are considered to
result only in imperceptible changes of the image. Insofar the analysis below is
not constrained to the DCT and the regional classification algorithm as proposed
for the particular system above but can easily be extended to incorporate other
concepts like e. g. that of the “Just Noticeable Difference (JND)” used in [5] or
the visual model described in [6].

3 Jamming attack

3.1 Preliminaries

The goal of an adversary is to make the watermark unreadable or even to remove
it while preserving the image quality. For this purpose he can apply common
signal processing methods, like affine geometric transforms [7], various filters,
contrast enhancement techniques and many others. Of course a watermark has
to be resistent against these methods; nevertheless, the damage to a watermark
caused by these operations is only a side effect which cannot be directed precisely
against the watermark.

More efficient attacks from the adversary’s viewpoint are possible when, as
usually in cryptography, the algorithms for watermark embedding and extrac-
tion are known in public. Then he can add a jamming signal directly onto the
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watermark and thereby avoid to damage any unwatermarked part of the im-
age. Below, focus is on this jamming attack. Other attacks precisely aimed at
watermarks are collusion attacks and watermark forgery.

Here, however, it is assumed that an adversary has only one watermarked
copy of the image at his disposal, what excludes collusion attacks like the simple
averaging over multiple copies as well as the more complicated comparison be-
tween copies as basis for an intelligent attack. This assumption holds in the case
of watermarking applications and it is also realistic regarding non—professional
adversaries in fingerprinting schemes that are not willing to pay for sufficiently
many copies, e. g. when private individuals distribute copyright protected me-
dia among friends. Protection against collusion attacks by professional pirates
is a difficult research problem [8,9,10] which possibly can be solved using coding
theoretic methods. This, however, is beyond the scope of this contribution.

Watermark forgery means that the adversary embeds his own watermark
additionally. If it comes to a trial in court, both the legal proprietor and the
adversary will claim that their watermark proves their ownership, resulting in a
deadlock situation. An efficient solution of this problem is to determine the key
for encryption resp. decryption from the original image by applying a one-way
function [11].

3.2 Description

Since an adversary knows that the watermark has been embedded in the DCT
domain, he can transform the watermarked image, too, and thereby separate
the watermarked from the unwatermarked coefficients. He can also apply the re-
gional classification algorithm to the watermarked image. The weighting factors
« he obtains will be almost completely identical to those used in watermark em-
bedding since the difference between the watermarked and the original image has
to be imperceptible. Consider now a watermarked coefficient ¢; and assume that
a has been determined correctly. According to eq. (2) the modulation alphabet
AX; is scaled by the coefficient’s original value ¢;. To destroy the watermark, the
adversary can add a random jamming signal n;. Then the attacked coefficient ¢;
and the extracted watermark signal y; yield

¢i¢; +n; and YiTi +ng, (5)

respectively. He must scale his jamming signal appropriately before adding it
to the watermarked image to avoid unnecessary distortions. However because of
encryption, he cannot tell which z; € &; has been embedded and thus to him
the original coefficient ¢;¢; — z; remains secret.

So all he can do is to scale the jamming signal n; by ¢;:

where 3 is a real-valued number from [B,,in, Bmaz] With probability distribution
function Pr(3).
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A reasonable definition for 5, and B4, is the following: The distortion is
defined in eq. (4) by the distance of the actual coeflicient from the range in which
modifications of the coefficient are considered as imperceptible or — indirectly
— from the original coeflicient ¢;. In particular, this definition is symmetric.
Thus it is near at hand to demand that ¢; min < & < Cimaz Where ¢ mae —
i, Ci — Cimin < D. Then ¢; pmqqe is taken when the maximum watermark x;ac;
is embedded and the adversary selects Bmaz, 1 €. CimazCi(1 + afB)ei(1+ a)(1+

aBmaz) < D+ ¢;. Thus
D1 .
l+a |-

Similarly ¢; becomes minimum for x; — ac; and selection of 3,,;,, what yields
CiminGi(1 + af)e; (1 — a)(1 + almin) > —D + ¢; and

241 .
l+a |’

The possible outcomes of modulation and attack can easily be shown graph-
ically for binary modulation as in the following two examples:

1
ﬂmax -

(0%

1
ﬂmin -
(0%

Ezxample 1: Assume that the extracted watermark will be demodulated by a
threshold decision with threshold y;. Knowing this, the adversary can choose § €
{(1+¢)/(1—a),—(14¢€)/(1+a)} with a small positive constant €. The resulting
situation is shown in fig. 3. Obviously in each decision region the probability is
1/2 that either “0” or “1” has been embedded. This is the behavior of a binary
symmetric channel (BSC) with cross—over probability 1/2, and it is well-known
that the capacity of such a channel is zero. In other words, it is impossible in
this manner to transmit any data within the watermark from the embedding
to the extracting party. Also depicted in fig. 3 are the borders of the range of
imperceptible modifications to ¢; resp. z; according to eq. (3). Obviously a wrong
choice of the adversary always leads to that y; leaves this range. Consequently
this attack inherently bears a certain risk to perceptually damage the image.

Ezxample 2: Clearly the extracting party cannot be satisfied with a zero—capacity
of the watermark channel. It is near at hand to improve demodulation by taking
into account the magnitudes of the extracted coefficients. The simplest way to do
S0 is to define a region, e. g. [—%qa, %cia], within which an extracted coefficient
isregarded as erasure. Again assuming that this is known in public, the adversary
can choose 3 € ${(1+€)/(1—a), —(1+¢€)/(14+)} as shown in fig. 4. The channel
capacity now evaluates to C'/2 bit per coefficient. So, this attack does not reduce
channel capacity as drastically as in the previous example. On the other hand,
the extracted watermark exceeds the range of imperceptible modifications by a
smaller amount, and the adversary has a smaller risk of damaging the image by
his attack.
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Fig. 3. Signaling in the case of binary threshold demodulation
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Fig. 4. Signaling in the case of erasure demodulation

Both examples show that the adversary’s choice of the jamming signal n;
and the demodulation scheme strongly depend on each other. Two questions are
coming up in this situation.

From the adversary’s viewpoint:

i) Given the maximum allowed difference D between the actual and the origi-
nal image coefficient and knowing the demodulation rule, which probability
distribution should the jamming signal follow in order to minimize the data
transmission capacity of the watermark?

From the copyright holder’s viewpoint:

ii) How should the size ¢ of the modulation alphabet X; be chosen to maximize
transmission capacity?

4 Numerical analysis

The key problem in answering these questions is to determine the particular
probability distribution function for § that permits an adversary to minimize
the data transmission capacity. In this section it will be shown how this can be
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accomplished numerically by means of a gradient method. Before this method
itself can be described, calculation of the channel capacity and of its gradient
need to explained.

Due to encryption, all possible transmission symbols X; j are equally likely,
thus P(X; x)g~! for all X, € X;. For numerical analysis, assume that the re-
ceived watermark signal y; is sufficiently fine quantized by rounding to the near-
est quantizer level in the set V;i{Yio,...,Y; _1}. Then the channel capacity
C is given [12] by

lmaa

q—1lmaz—
Pen (Y| Xik)
cyo D P ik) Pon (Y| Xix) logy P (7)
k l b

Herein Pop,(Y;:]Xi k) is the channel transition probability for the case that
symbol Y;; € Y; is received after X;; € AX; has been transmitted. P(Y;;)
is the probability that Y;; is received regardless of which symbol X;j; has
been transmitted; therefore P(Y;;) Z_l Peon(Yii| Xi k) P(Xi k). To calculate
the Pon(Yi1| X k) numerically, replace the continuous probability density func-
tion Pr(5) by a discrete probability function at the positions 5(Bo, . . ., Bjee—1):
QPT(@(PT(BO)» EER Pr(ﬂjmagg—l))'

Now successively for each transmission symbol X, j, the probabilities of the
n; can be calculated according to eq. (6) and those of the corresponding y;
by eq. (5). Finally taking into account the quantization, the Pop (Y| X; ) are
obtained.

The goal of the gradient method is to vary the probability function @ iter-
atively such that in each iteration the channel capacity C(Q) is reduced until
the minimum of C(Q) is reached. For this the partial derivatives of C(Q) with
respect to each component of () are needed. They are also approximated numer-
ically:

To obtain the partial derivative with respect to the jth component of @,
J.-Jmaz — 1, a test vector QTj(l —€)Q + (05,0, 5054+ 05 jman—1) 1S CON-
structed where 6;;1 if j and 0 otherwise and where € is a very small constant,
typically €10~3. This construction rule takes into account that since Q as well
as Q _are probability functions the sum of all their components must equal 1.
Usmg Q and Q as probability functions for 3, the respective channel capacities
are evaluated. Thelr difference yields

ACC(Q) - C(@y,) ®)

and AC(ACy, ..., AC;, .. 1)

With these preliminaries, the gradient method itself can be explained. In the
sequel, the index *) marks the vth iteration.

As initial value, let all 3y...3;,... 1 be equally likely, i. e. P(V)(8;)j
QM20(jnbes - Jimia)-
~ Then in the vth iteration

]max a'nd
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1. calculate C(Q™) according to eq. (7) and

2. calculate AC™).

3. Let Q(”H)Q(”) +~AC™) . If any of the components should become nega-
tive, set it to 0. Afterwards normalize Q(”H) such that the sum of all its
components equals 1. o

This iteration is repeated until the improvement C’(Q(”)) - C(Q(”H)) in mini-
mizing C falls below a fixed threshold, e. g. 1077.

5 Results

Channel capacity and distortion in the presence of an optimized attack have
been evaluated for various alphabet sizes ¢, 7...5. D has also been varied what
lead to attacks with different distortions. The obtained results are depicted in
fig. 5.

©
®

o
fe))

Capacity

©
~

0.2

Distortion

Fig. 5. Channel capacity C vs. distortion Sp for various ¢ (distortion normalized
to ¢ a.2)

Clearly for the same level of distortion that an adversary might be willing to
accept a small modulation alphabet achieves a higher channel capacity than a
large alphabet.
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Two reasons for this can be mentioned. First, with increasing ¢ the Euclidean
distance X; j1+1 — X; jac;/(g — 1) between two neighboring modulation signals
decreases. Then already a small amplitude of the jamming signal is sufficient
to introduce errors and decrease capacity. Hence, distortion is smaller for large
q. For the second reason note that in the case of binary signaling as shown in
figures 3 and 4 half of the attacked coeflicients will leave their range of imper-
ceptible modifications and that then the jamming signal completely contributes
to distortion. For large modulation alphabets, however, the symbols are equally
spaced within the whole range. So for the symbols in the center it is not un-
likely that an attacked coefficient stays within the range, so that no distortion
occurs at all. And if it should leave the range, only a part of the jamming signal
contributes to distortion.

To get an idea of what level of distortion might be acceptable to an adver-
sary, the watermarking scheme as described in section 2 has been implemented
with binary signaling and simulated under the optimum attack as found above.
Fig. 6 shows the test image “Girl” (a) before and (b) after watermarking and
(c) — (f) after attacks with D = 0.39, 0.54, 0.67, and 0.77, respectively. In fig. 6(d)
some small damages become noticeable. The corresponding level of distortion is
Sp.912 - (c;a)?, the channel capacity C.306 bit per coefficient.

6 Conclusion

In this paper, watermarking has been studied in the presence of an intelligent
adversary who exploits his knowledge on the watermarking scheme by adding a
noise signal directly targeted onto the watermarked coefficients. This situation
has been identified as being closely related to jamming in military communi-
cations. Here the probability density function of the jamming signal has been
optimized for various levels of distortion and for different sizes of the modula-
tion alphabets. It has turned out that binary signaling provides the highest data
transmission capacity at a given level of distortion.

Up to here, all coefficients were treated and attacked separately. It is an
open problem of image processing how the correlations between coefficients from
neighboring DCT blocks can be taken into account. This might further improve
the described attack and again decrease channel capacity.
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Fig. 6. Test image “Girl”
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Abstract. The problem we address is how to communicate securely
with a set of users (the target set) over an insecure broadcast channel.
In order to solve this problem, several broadcast encryption schemes have
been proposed. In these systems, the parameters of major concern are
the length of transmission and number of keys held by each user’s set top
terminal (STT). Due to the need to withstand hardware tampering, the
amount of secure memory available in the STTs is quite small, severely
limiting the number of keys each user holds. In such cases, known the-
oretical bounds seem to indicate that non-trivial broadcast encryption
schemes are only feasible when the number of users is small.

In order to break away from these theoretical bounds, our approach is to
allow a controlled number of users outside the target set to occasionally
receive the multicast. This relaxation is appropriate for low-cost trans-
missions such as multicasting electronic coupons. For this purpose, we
introduce f-redundant establishment key allocations, which guarantee
that the total number of recipients is no more than f times the num-
ber of intended recipients. We measure the performance of such schemes
by the number of transmissions they require, by their redundancy, and
by their opportunity, which is the probability of a user outside the tar-
get set to be part of the multicast. We first prove a new lower bound
and discuss the basic trade-offs associated with this new setting. Then
we present several new f-redundant establishment key allocations. We
evaluate the schemes’ performance under all the relevant measures by ex-
tensive simulation. Our results indicate that, unlike previous solutions,
it seems possible to design practical schemes in this new setting.

1 Introduction

1.1 The Problem

The domain we consider in this paper is that of broadcast applications where
the transmissions need to be encrypted. As a primary example we consider a
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M. Franklin (Ed.): FC’99, LNCS 1648, pp. 140-157, 1999.
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broadband digital TV network, broadcasting either via satellite or via cable
[MQ95], but other applications such as Internet multicasts are similar.

In this context, the head-end occasionally needs to multicast an encrypted
message to some subset of users (called the target set) using the broadcast chan-
nel. Each network user has a set-top terminal (STT) which receives the encrypted
broadcast and decrypts the message, if the user is entitled to it. For this purpose
the STT securely stores the user’s secret keys, which we refer to as establish-
ment keys. Because of extensive piracy [McC96], the STTs need to contain a
secure chip which includes secure memory for key storage. This memory should
be non-volatile, and tamper-resistant, so the pirates will find it difficult to read
its contents. As a result of these requirements, STTs have severely limited secure
memory, typically in the range of a few Kilobytes [Gem98].

Earlier work on broadcast encryption (cf. [FIN94]) was motivated by the need
to transmit the key for the next billing period or the key for the next pay-per-
view event, in-band with the broadcast, since STTs only had uni-directional
communications capabilities. The implicit assumption was that users sign up for
various services using a separate channel, such as by calling the service provider
over the phone. In such applications it is reasonable to assume that the target set
is almost all the population, and there are only small number of excluded users.
Moreover, it is crucial that users outside the target set are not able to decrypt
the message since it has a high monetary value, e.g., the cost of a month’s
subscription.

However, current STTs typically follow designs such as [CEFH95] which al-
low bi-directional communication, where the uplink uses an internal modem and
a phone line, or a cable modem. These new STTs upload the users’ requests
and download next month’s keys via a callback mechanism, and not through the
broadcast channel. This technological trend would seem to invalidate the neces-
sity for broadcast encryption schemes completely. We argue that this is not the
case—there are other applications where broadcast encryption is necessary, such
as multicasting electronic coupons, promotional material, and low-cost pay-per-
view events. Such applications need to multicast short-lived, low value messages
that are not worth the overhead of communicating with each user individually.
In such applications, though, the requirements from the solution are slightly
different. On one hand, it is no longer crucial that only users in the target set
receive the message, as long as the number of free-riders is controlled. On the
other hand, it is no longer reasonable to assume anything about the size of the
target set.

1.2 Related Work

Fiat and Naor [FN94] were first to introduce broadcast encryption. They sug-
gested methods of securely broadcasting key information such that only a se-
lected set of users can decrypt this information while coalitions of up to k other
users can learn nothing, either in the information-theoretic sense, or under a com-
putational security model. Their schemes, though, required impractical numbers
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of keys to be stored in the STTs. Extensions to this basic work can be found in
[BC94,BFS98,SvT98g].

Recently Luby and Staddon [L.598] studied the trade-off between the trans-
mission length and the number of keys stored in the STTs. They assumed a
security model in which encryptions cannot be broken, i.e., only users that have
a correct key can decrypt the message. We adopt the same security model. Their
work still addressed fixed-size target sets, which are assumed to be either very
large or very small, and no user outside the target set is allowed to be able to
decrypt the message. A main part of their work is a disillusioning lower bound,
showing that either the transmission will be very long or a prohibitive number
of keys need to be stored in the STTs.

A related line of work goes under the title of “tracing traitors” [CEFN94,NP9g].
The goal is to identify some of the users that leak their keys, once a cloned STT
is found. This is achieved by controlling which keys are stored in each STT, in
a way that the combination of keys in a cloned STT would necessarily point to
at least one traitor.

Key management schemes for encrypted broadcast networks, which give the
vendor the flexibility to offer program packages of various sizes to the users, can
be found in [Wo098]. The problem of tracking the location of STTs in order to
prevent customers from moving an STT from, e.g., a home to a bar, is addressed
in [GW9g].

1.3 Contributions

Our starting point is the observation that the requirement “no users outside
the target set can decrypt the message” is too strict for some applications. For
instance, for the purposes of multicasting electronic coupons, it may be enough to
guarantee that the recipient set contains the target set, and that the total number
of recipients is no more than f times the size of the target set. Service providers
can afford a small potential increase in the number of redeemed coupons, as long
as this simplifies their operations and lowers their cost. We call establishment
key allocation schemes that provide such guarantees “f-redundant broadcast
encryption schemes”. Relaxing the requirements in this way allows us to depart
from the lower bounds of [L598].

On the other hand, we have a more ambitious goal when it comes to possible
target sets. Unlike earlier work, we require our schemes to be able to multicast to
any target set, not just those target sets of very small or very large cardinality.

We concentrate on schemes which store only very few keys in each STT. As we
mentioned before, STTs typically have only a few Kilobytes of key storage. With
a key length of 128 bits this translates to around 100 keys. Thus, for systems
with several million users, it is reasonable to require the maximum number of
keys per user’s STT to be O(logn), where n is the total number of users, or at
most O(n), where, say, € < 1/4.

Subject to these constraints, we are interested in several measures of the qual-
ity of an establishment key allocation. The first is the number of transmissions ¢:
we can always attain our requirements trivially if we assign each STT a unique
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key, but then we suffer a very high number of transmissions. The second parame-
ter, which we call opportunity, is the proportion of free riders in the population
outside the target set. The opportunity measures the incentive a customer has
to avoid paying (in cheap pay-per-view type services). If the opportunity is very
high, close to 1, there is no incentive for customers to pay, as they can almost
surely get a free ride.

After discussing the basic trade-offs associated with the problem, we present
some simple examples, that show the problem difficulty. We then prove a new
lower bound on the tradeoff between transmission length and number of keys
stored per STT, that incorporates the f-redundancy of our establishment key
allocations. We show that the f-redundancy gives us a substantial gain: for the
same number of transmissions ¢ we can hope for only exp(£2(n/tf)) keys per
STT, whereas the bound of [L.598] is exp(£2(n/t)).

We then present several establishment key allocation constructions, and an
approximation algorithm that finds a key cover with minimal number of trans-
missions, for any given target set of users. Since this problem is similar to the
minimum set cover problem that is known to be NP-hard, we cannot expect
to find an optimal solution efficiently. Instead we use a greedy approximation
algorithm to find good key covers. We conducted an extensive simulation study
of the problem, from which we present only the interesting results.

Organization: In the next section we formally define the problem and the vari-
ous parameters we are interested in. In Section 3 we show some simple solutions.
In Section 4 we prove our new lower bound on the trade-off between the num-
ber of keys per user, the redundancy factor, and the transmission length. In
Section 5 we discuss how to find which keys to use given an establishment key
allocation. In Section 6 we show our schemes and the results of their performance
evaluation. We conclude in Section 7.

2 Definitions and Model

Let U be the set of all customers (STTs) connected to a head-end, with U] = n.
We use K to denote the target set, i.e., the set of paying customers, and denote
its size by | K| = k.

We describe the allocation of the establishment keys by a collection S =
{51, Sa, ...} of key sets such that US; = U. We associate a unique establishment
key e; with each set S; € S. A key e; is stored in the secure memory of every
STT u € S;. Hence the number of keys an STT w € U stores is equal to the
number of sets S; € S it belongs to. Formally,

Definition 1. Let S be an establishment key allocation. The degree of an STT u
is deg(u)=1{i : S; > u}|. The degree of a collection S is deg(S) =max,cys deg(u).
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Definition 2. Given a target set K, a key cover of K is a collection of sets
S; € S whose union contains K :

C(K) g S such that K g US-;GC(K)SZ"
The minimal key cover is Cpin(K) = C(K) for which |C(K)| is minimal.

Suppose the head-end needs to send a message p to all the members of a
target set K. Given any key cover C(K), the head end encrypts up using the
establishment keys e; corresponding to the sets S; € C(K), and broadcasts each
encryption separately.®.

Definition 3. We denote the best possible number of transmissions that the
head-end can use for a target set K by tx = |Cmin(K)|. Thus the worst case
number of transmissions is tmax(S) = maxg tx.

In order to define the redundancy and opportunity measures we need the
following technical definition.

Definition 4. We denote the set of recipients of a given key cover C(K) by
Re(K) =U{S; € C(K)} and the total number of recipients by r¢(K) = |Re(K))|.

By the definition of a key cover C(K), every member of the target set K has at
least one of the keys used to encrypt pu. However, other STTs outside K usually
exist, which are also capable of decrypting the message. All our establishment
key allocations are constructed with a worst case guarantee that there are never
too many of these free riders. Formally,

Definition 5. An establishment key allocation S is said to be f-redundant if
LkK) < f for every K CU with |[K| = k.

A variant measure of redundancy is the actual redundancy f,, which is the
proportion of non-paying customers in the recipient set Re(K). We are interested
in the average case f,, so we define it as a function of the target set K. Formally,

Definition 6. For a target set K with |K| = k the actual redundancy is
fo = TC(II?_k'

If § guarantees a worst case redundancy factor f, then 0 < f, < f — 1 for any
target set K.

Finally, we define the opportunity, 7, as the proportion of non-paying recip-
ients (free riders) in the non-paying population (0 < n < 1). The opportunity
measures the incentive a customer has to avoid paying (e.g., in cheap pay-per-
view type services). Again, this is a function of the target set K.

- ) _ o re(K)—k
Definition 7. For a target set K with |K| = k the opportunity is n = -,

! This method was called the OR protocol in [L.S98].



Towards Making Broadcast Encryption Practical 145

3 Simple Examples

To demonstrate our definitions and the trade-offs associated with the problem
let us examine some simple solutions for the problem. See Table 1 for a summary
of the examples.

S deg(S) |tmax(S)|f|n
{Uy 1 1 |nf1
{1, 2, ....,n}|| 1 n |1|0
U on—1 1 [1]0

Table 1. A summary of some simple examples. Bold numerals indicate an opti-
mal parameter.

Ezample 1. The “always broadcast” solution: & = {U}.

Both the degree, deg(S), and the number of transmissions, tmax(S), required
to distribute the message are optimal and equal to 1 in this case. However, the
redundancy is f = n in the worst case and the opportunity, n, is always 1.
The last two parameters are very bad since the system gives no incentive for
a customer to pay for a program; a single paying customer enables the entire
population a free ride.

Ezample 2. The “key per user” solution: S = {{1},{2},...,{n}}.

Here the degree deg(S) = 1 is optimal, and so are the redundancy f = 1, and
the opportunity 7 = 0. However, the number of transmissions is a very poor
tmax(S) = n.

Ezample 3. The “all possible sets” solution: S = 24.

The degree here is an impractical deg(S) = 2”1, however, all the other parame-
ters are optimal: ¢ (S) = 1, f = 1, and n = 0. This is because every possible
target set K has its own designated key.

4 The Lower Bound
4.1 Tools

Before presenting our lower bound on the degree of an f-redundant establishment
key allocation, we need to introduce some definitions and results which we use
in the proof.

We start with covering designs, which are a class of combinatorial block
designs. A succinct description of covering designs can be found in [CD96,
Ch. IV.8]. A more detailed survey is [MNM92].

Definition 8. A k-(n,d) covering design is a collection of d-sets (blocks) D =
{D7,..., D¢} over a universe of n elements, such that every k-set of elements is
contained in at least one block.
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Definition 9. The covering number C'(n, d, k) is the minimum number of blocks
in any k-(n,d) covering design.

Theorem 1 ((Schénheim bound)). [Sch64] C(n,d, k) > L(n,d, k), where

e === IR WG]

We also rely on the following result of Luby and Staddon, which addresses
strict broadcast encryption protocols.

Definition 10. An establishment key allocation S is called strict for a collection
of target sets D if the sets in D can be covered without redundancy. Formally,

Re(D) =D for all D € D.

Theorem 2. [L.5S98] Let D = {Ds,..., Dy} be a collection of target sets, with
|D;| > d for all D; € D. Then any establishment key allocation S which is strict
for D, and which can transmit to any D; € D using at most t transmissions,

must have
gl/t
deg(S) > (T - 1) /(n —d).

Remark: The precise statement we use here is a generalization of [L.598, The-
orem 12]. In their original formulation the target sets D; all have a cardinality
of exactly d, and the collection D consists of all (Z) possible d-sets. However,
their proof can be easily extended to any arbitrary collection of target sets, of
cardinality d or larger.

4.2 The Bound

Theorem 3. Let S be an f-redundant establishment key allocation over a uni-
verse U of size n, for which tmax(S) =t. Then

deg(S) > max (% K;;)/(kkf)r/t _1> /(n—k).

Proof: For a target set K of size |K| = k, let R(K) be the minimal possible
recipient set for K (or one such set if many minimal recipient sets exist). Consider
the collection of minimal recipient sets, D = {R(K) : |K| = k}. Note that
covering K f-redundantly, using the ¢’ < t key sets that define R(K), is precisely
equivalent to covering R(K) strictly with (the same) ¢’ key sets. Therefore we
see that & is an establishment key allocation which is strict for D, and can
transmit to any R(K) € D using at most ¢ transmissions. Note also that, trivially,
|R(K)| > k for any |K| = k. Thus we can apply Theorem 2 to obtain

deg(8) > (% 1) fw-n. 1)
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By definition |R(K)| < kf for all K, however, some sets R(K) € D may
have fewer than kf elements. Define a modified collection D’ in which each
R(K) € D is replaced by some superset R(K) D R(K) with |R| = kf. Note
that |D’| < |D| since R(K;) = R(K>) is possible when R(K;) # R(K,). But
now D’ is a k-(n, kf) covering design. Thus we can lower-bound its size by the
Schonheim bound, Theorem 1, to obtain

=121 > skt = (1) /(): ©)

Plugging (2) into (1) and maximizing the expression over the choice of k yields
our result. O

Using standard estimations of binomial coefficients, and maximizing over k,
we can obtain the following asymptotic estimate.

Corollary 1. Let S be an f-redundant establishment key allocation over a uni-

verse U of size m, for which tmax(S) =t. Then deg(S) > exp(£2(n/tf)). O

We therefore see that the f-redundancy gives us a substantial gain in the
degree: the bound of [L.S98] for strict establishment key allocations is deg(S) =
exp(§2(n/t)). In other words, if we allow a redundancy factor of f we can hope
to use only an f’th root of the number of keys required per STT in a strict
establishment key allocation for the same number of transmissions.

Theorem 3 and Corollary 1 give a lower bound on the required number of
keys an STT needs to store. As we said before, this is typically a small fixed value
which we can reasonably model by log, n or n¢. Thus we are more interested in
the inverse lower bound, on the number of transmissions ¢. Asymptotically we
can obtain the following bound.

Corollary 2. Let S be an f-redundant establishment key allocation over a uni-
verse U of size n. Then

) (7flognlogn) ,  when deg(S) = O(logn),

tmax(s) > {
25m7) when deg(S) = O(nc).

O

The asymptotic bound of Corollary 2 hides the constants, and inverting The-
orem 3 gives a rather unwieldy expression for the lower bound on ¢. Therefore,
we choose to invert Theorem 3 numerically and to plot the result, as a function
of the target set size k, in Figure 1. As we shall see in the sequel, the highest
point on this curve (¢ = 19 for n = 1024) is significantly lower than that of
our best constructions, which suffer from a worst case of tyax(S) = 3n/8 = 384
when n = 1024.

5 Finding a Good Key Cover

An f-redundant establishment key allocation guarantees that an f-redundant
cover exists for every target set K. In particular, singleton target sets K = {u}



148 Michel Abdalla et al.

Lower bohnd‘ n=1024 —a—

Number of transmissions (t)

1
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Target set size (K)

Fig. 1. The lower bound for the number of transmissions (¢) as a function of the
target set size k, with n = 1024, f = 2, and deg(S) = log, n.

need to be addressed. Thus, S must include enough sets S; with |S;| < f so that
every user is contained in one of them. For simplicity, we shall assume that S
contains the singletons themselves as sets, i.e., every STT is assumed to hold
one key that is unique to it.

Once we decide upon a particular f-redundant establishment key allocation
S, we still need to show an efficient algorithm to find an f-redundant key cover
C(K) for every target set K. Among all possible f-redundant key covers that
S allows, we would like to pick the best one. By “best” we mean here a cover
that minimizes the number of transmissions ¢. Trying to minimize the actual
redundancy f, would lead to trivialities: Since we assumed that S contains all
the singletons we can always achieve the optimal f, = 0. Thus, for every target
set K, we obtain the following optimization problem:
Input: A collection of sets S = {S1,..., S} and a target set K.
Output: A sub-collection Cpi, (K) C S with minimal cardinality |Cpin(K)| such
that K C U{S; € Cin(K)} and | U {S; € Crin (K)}|/| K| < f.

Input: Target set K, establishment key allocation S = {S1,...,Sn}.
0. R+ 0; C+0

1. Repeat

2. A {S;: % < f}.  (* Candidate sets *)

3. A + S; € A which maximizes |(K N S;) \ R|.

4 R+ RUA; C+ CU{A}.

5. until the candidate collection A is empty.

6. return R, C.

Fig. 2. Algorithm f-Cover.
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This is a variation of the Set Cover problem [GJ79], and thus an NP-hard
optimization problem. We omit the formal reduction proving this. Moreover, it
is known that no approximation algorithm exists for Set Cover with a worst case
approximation ratio? better than Inn (unless NP has slightly super-polynomial
time algorithms) [Fei98].

On the positive side, the Set Cover problem admits a greedy algorithm, which
achieves the best possible approximation ratio of Inn [Joh74,Lov75]. Moreover,
the greedy algorithm is extremely effective in practice, usually finding covers
much closer to the optimum than its approximation ratio guarantees [GW97].
For this reason, our general algorithm f-Cover for choosing a key cover is an
adaptation of the greedy algorithm. See Figure 2 for the details.

Theorem 4. If {{1},...,{n}} < S then algorithm f-Cover returns an
f-redundant key cover of K for any target set K.

Proof: Omitted due to space limitations.

It is easy to see that the time complexity of algorithm f- Coveris O(m?) where
m is the number of sets in S. In order to make the algorithm even more efficient,
we do not use it in its most general form. Instead, we split the establishment key
allocation S into levels, each containing sets of the same size. Formally, we break
Sinto S = S US? U -+, such that |S¢| = k¢ for some k, and for all S¥ € S*.
The algorithm is performed in phases, where only sets belonging to level S* are
considered in the candidate set A during in phase ¢. The algorithm starts at
the highest level, the one containing of the largest sets in S. When A is empty
at a certain level, the cover so far, R, and the covering sets, C, are fed to the
execution phase of the algorithm in the next (lower) level.

6 Practical Solutions

6.1 Overview

Our basic goal is to construct an f-redundant establishment key allocation,
namely to construct an S that will satisfy the following requirements: (i) the
number of establishment keys per user (degree) is low; and (ii) |Re(K)|/| K| < f
for every target set K C U. Given such an establishment key allocation, we
evaluate its performance with respect to the number of transmissions ¢, the
actual redundancy f,, and the opportunity 7, using computer simulations.

We are interested in “average” performance, although we do not want to
assume any particular probability distribution over the choice of target sets. To
avoid this contradiction to some extent, we evaluate the performance measures
separately for each target set size k, and show the results as functions of k. Thus,
if something is known about target set size (e.g., that sets of size > n/4 never
occur in some application), only portions of the graphs need to be consulted.

2 [[oc95] contains a good discussion of approximation algorithms and in particular a
chapter on Set Cover.
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Each data point for a target set size k in the graphs represents the mean
of the relevant measure, averaged over r samples of k-sets chosen uniformly at
random. We show the 95% confidence intervals (see [Jai91] for definition) for
each data point, unless the graphical height of the confidence intervals is very
close to the size of the symbols depicted on the curves. We typically use r = 25
samples per data point.

Unless stated otherwise, we assume that the redundancy is f = 2. We also
conducted experiments with other values of f but they showed qualitatively
similar results.

6.2 The Tree Scheme

The Scheme’s Description. A simple multi-level establishment key allocation
is a balanced tree, that is built by recursively partitioning the sets of a high level
into equally-sized, disjoint sets in the next level. Sets that form a partition of a
single set, one level above them, are considered children of this set in the tree.
The number of keys each STT holds in this scheme is only 1 + log, n, where a
is the arity of the tree. In the sequel we always assume a binary tree (a = 2).

An important advantage of a tree scheme (besides its simplicity) is that the
greedy algorithm of Figure 2 can easily be made to run in time linear in the size
of the cover set, rather than in the total number of sets in the collection. The
idea is to start at the root of the tree (the set /) and then traverse it either in
a DFS or in a BFS order. Whenever an f-redundant set is found, select it and
ignore the subtree under it.

The problem with the tree scheme is its worst case behavior. Consider the case
where f = 2 and the collection is a full binary tree. If the target set comprises
k = n/4 users such that no two of them belong to a common set of size 4 or less,
then we are forced to use t = n/4 transmissions. It is easy to see that this is the
worst possible configuration.

The average behavior of the basic tree is substantially better than the worst
case. Figure 3 shows the average number of transmissions on several variants of
a tree for a population of n = 1024 users. We see from the “threshold at sets of
size 2”7 curve in the figure that the peak of the average t is 164, which is 36% less
than the worst case of 256. We explain this threshold and discuss the different
variants of the tree in the sequel.

We conducted the same tests for larger populations and noticed that the
qualitative behavior does not change significantly, so we omit the details. Here
we focus on simulations of small populations for another reason. We shall see
in Section 6.4 that we can capitalize on the detailed understanding of small
populations when we discuss partitioning large populations. Our results show
that breaking a large population into small subgroups and solving the problem
independently for each subgroup results in a good performance trade-off.
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Fig. 3. The effect of the “<” threshold T' on the number of transmissions (t),
for a tree with n = 1024.
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Fig. 4. The effect of the “<” threshold T on the Actual redundancy (f,) for a
tree with n = 1024.

“<” or “ 7”7 A subtle issue in the execution of algorithm f-Cover is whether
the inequality in step 2 is strict (<) or not (<). Assume that f = 2 and that the
collection S is a full binary tree. If a set of size S; with |S;| = 2 is tested using
non-strict inequality, and only one member of S; is in the target set K, then .S;
is selected as a candidate and may be part of the cover. However, using a strict
inequality gives a better choice, which is to select the singleton containing that
user, thereby reducing the actual redundancy without increasing the number
of transmissions. On the other hand, using strict inequality for larger set sizes
tends to increase the number of transmissions. So, intuitively, we would like to
use “<” in the lowest levels of the tree, and use “<” for sets of size T' or larger,
for an appropriate threshold T'. Figures 3, 4, and 5 compare the performance of
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a tree scheme when the threshold is varied. Note that the 7' = 2 curve, which
we commented on before, represents using “<” everywhere.

T T »
threshold at sets of size 2 —&—1
threshold at sets of size 4 —a—
threshold at sets of size 8 —e—

threshold at sets of size 16 +—e—i

threshold at sets of size 32 —a—

0.8 1

0.6 1

Opportunity

0.4 —

02 | 4

0 ! L L L L L L L
0 100 200 300 400 500 600 700 800 900 1000

Target set size

Fig. 5. The effect of the “<” threshold T" on the Opportunity (n), for a tree with
n = 1024.

The most striking graph is that of the actual redundancy (Figure 4). We
see that when we use strict inequality in the level of the tree corresponding
to sets of size 2 (i.e., the “<” threshold is T" = 4) the actual redundancy, f,,
drops dramatically for target set sizes below n/2. At the same time, the number
of transmissions, ¢, remains unchanged. There is also an improvement in the
opportunity, . Moving the threshold further up improves f, and n at the cost
of increasing ¢t. We found out that, in most cases, and especially when extra keys
are added (see below), it pays to set the threshold at T = 8 since the increase in
t is very small while the gain in f, and 7 is substantial. Thus, in all the following
simulations we only use strict inequality for sets of size 4 and below.

Note that choosing T' = 8 has an effect on the worst case performance since
now k = 3n/8 users can be selected such that no four of them belong to a
common set of size 8 and no three of them belong to a common set of size 4.
As a result, we would be forced to use t = 3n/8 transmissions, all at the level
corresponding to singleton sets.

When T = 8, the peak number of transmissions ¢ is 193 ~ n/5 (see Figure 3),
which means a 50% improvement over the worst case performance of 384, and
achieves actual redundancy that is always lower than 0.9. However, in most of
the range the results are much better. In particular, if the interesting target set
size range is below k =n/5, we get t <n/6, f, < 0.16, and n < 0.04.

6.3 Where Extra Keys are Effective

The basic tree scheme requires only log, n keys to be stored in each STT. There-
fore it is reasonable to consider schemes with slightly more keys: For populations
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Fig.6. A histogram of the key sizes used for several target set sizes k, for
n = 1024.

of several millions, we can afford to keep twice or four times as many keys in
an STT.

In this section, we study schemes in which a tree is augmented by additional
sets. The motivation for doing so is clear: by increasing the number of sets
(and thereby keys), the probability of finding a smaller cover increases. We are
interested in locating the levels where it best pays to add sets, subject to the
constraints on the number of keys per STT.

In order to generate the extra key sets, we start with a “level-degree” profile,
which specifies how many keys each user should hold at each level. For a level
with set size k, a degree of d implies that each user should belong to d — 1 extra
sets, in addition to the one basic tree set it belongs to at this level. Thus we need
to be able to generate nd/k sets of size k, such that each user belongs to exactly
d of them. We achieve this by randomly permuting the n users d — 1 times, and
for each random permutation we add the users in positions (i — 1)k + 1,...,ik
asaset, fori=1,...,n/k.

A vivid explanation for the preferred placement of the extra keys can be
found in the histogram in Figure 6. The histogram depicts the fraction of users
covered by keys from each level of sets, for target sets of four sizes. We used
a population of n = 1024 users and a basic tree scheme with 11 levels. The
histogram clearly shows that the small sets are the ones used most often. As the
target set size grows, some larger key sets are also used. However, even when
the target sets are k = 241 and k = 361, i.e., target sets requiring the highest
number of transmissions, relatively few keys are used for sets of size 32 and up.
Therefore it seems that adding key sets at the low levels of the tree is the right
approach.

Figure 7 depicts the performance of an 11-level tree (n = 1024) augmented
with 9 extra keys. This choice allows us to double the number of keys per level
in all the intermediate levels (1 < |S;| < n). Following the conclusions we draw
from the key usage histogram in Figure 6, these extra keys are distributed as
uniformly as possible among the levels from the bottom (couples) level up to
some level £. We varied £ in order to find the most effective distribution.
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We first note that regardless of how the extra keys are distributed, the peak
number of transmissions drops by at least 23% (from 193 down to 147 for the
“up to sets of size 2”7 distribution) in comparison to a non-augmented tree.

Figure 7 shows that the best ¢ is achieved by distributing the extra keys at
the three lowest levels, i.e., adding couples, quadruplets, and octets. Adding sets
of size 16 as well resulted in an almost identical performance. However, adding
even larger sets gave significantly inferior performance. This improvement comes
at the expense of an increase in f, for small target set sizes, although the actual
redundancy is still well below the guaranteed worst case of f, < f—1 (=1 when

F=2).
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up to sets of size 512 —a—
180 | up to sets of size 16 —e— o
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Fig. 7. Number of transmissions (¢) as a function of the target set size k, with
n = 1024, f = 2, 11 levels, and 9 extra keys.

In a similar experiment with 38 extra keys (= 11 + 3 x 9), the best t was
achieved by spreading the keys among the lowest 4 levels (up to sets of size 16);
the peak ¢ for this experiment was about 94 transmissions, for target sets of size
271 (= n/3.8), which is 22% lower than the 121 achieved in Figure 7 by the “up
to sets of size 8” distribution. We also ran the same experiments for larger and
smaller values of n, with similar results. We omit the details.

Our conclusions from this set of experiments are that (a) adding a few extra
keys substantially reduces the number of transmissions ¢, and (b) it pays to add
these extra keys at the lower levels of the tree rather than to distribute them at
higher levels as well.

6.4 Partitioning

The results in the previous sections suggest that keys are more “valuable” at
the lower levels of the tree than at the higher levels. Thus, it seems reasonable
to discard the keys of the largest sets (highest levels) altogether, and to use the
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additional key space for more lower level keys. We achieve this by partitioning
the population, n, into v disjoint partitions of size n/v. The space occupied by
the log, v deleted keys per user is then used to increase the number of low level
sets in each partition.

In this section we concentrate on larger, more realistic user population sizes.
However, since each individual partition is small, we can apply the insight we
have gained from our earlier small-population experiments.

25000

T T
single partition (tree) —8—
partitions of size 1k —a—
partitions of size 256 —e—
partitions of size 128 —e—
partitions of size 32 —&—
20000 [ 1
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Fig. 8. Number of transmissions (¢) as a function of the target set size k, with
n = 128K, f = 2, and 18 keys in total.

Figure 8 compares the performance of the a single tree scheme for a popula-
tion of 128K customers with the performance of schemes that employ the same
number of keys (18) but with v partitions. Within each partition we distribute
the logv extra keys to achieve the lowest peak t; as we have seen before, this
means that the extra keys are distributed among the lowest levels in the tree,
thus adding key sets of sizes between 2 and 32. For each value of v we ran the
equivalent of the experiment we discussed in Section 6.3. We report only the
results of the best (lowest peak t) extra-key distribution for each value of v.

Figure 8 shows that the decrease in ¢ is dramatic for a large range of target
set sizes. In particular, the peak ¢ drops by about 36%, from 24337 for a single
partition to 15526 for v = 1024 partitions of size 128 each. Increasing the v
further reduces t for some values of k. However, for large target set sizes, and
especially those with k > n/2, we pay a penalty in the number of transmissions.
For such large target sets we have to use ¢ = v transmissions instead of one.
We argue that as long as v is substantially smaller than the peak ¢, the savings
in ¢ for smaller target sets far outweighs the penalty incurred for large target
sets. Moreover, dealing with targets with & > n/2 can be done by maintaining
a single additional broadcast key together with the partitions’ keys.

We have found that partitioning the users increases f, for target sets with
k < n/2. However, the peak f, actually drops since we no longer use the very
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large key sets, e.g., those with size n/2 or n/4. Partitioning also improves the
opportunity for k ~ n/2 (graphs omitted).

We conclude that partitioning the users is an effective method for designing
establishment key allocations. It is better to discard the large high-level key sets
in favor of extra sets at the low levels. As a rule of thumb we suggest to use at
least v & \/n partitions, and possibly more for larger values of n.

7 Conclusions and Future Work

We have demonstrated that by allowing a controlled number of free-riders we
are able to design establishment key allocations that meet the hard limitations
placed on secure key storage by current technology. We do this while addressing
the ambitious goal of allowing every possible subset of users to be a target set
(rather than only sets of a small fixed cardinality). We showed that despite
these constraints, our schemes use substantially fewer transmissions than the
naive designs. Moreover, although our schemes guarantee that the ratio between
the numbers of free riders and intended receivers is at most f — 1, the achieved
redundancy ratio f, is typically much better than the guarantee. We conclude
that our schemes are quite practical for applications where some free riders may
be tolerated.

We have also identified some general design principles for such systems. We
found that adding extra establishment key sets helps, provided that they are
added at the low levels. We also found that partitioning the population into
many small partitions is more effective than handling the whole population at
once, since by eliminating the very large key sets we can add extra keys in each
partition without exceeding the key storage limitations.

We believe that more can be done in this area. Our best constructions use five
or ten times more transmissions than our lower bound suggests. Although this
may seem like a small gap asymptotically, it is important in realistic scenarios.
Therefore finding either better schemes or better lower bounds is still interesting.
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Abstract: This paper describes concepts and principles for infrastructures
that manage chargeable content, more commonly known as conditional access
(CA) systems. We present a functional overview of CA systems and the
security components and design principles that enable the solutions. We then
present concepts that may be used to quantify the risk associated with the
delivery of particular valued content in a particular way. Finally, we describe
how the threat model changes as the networking bandwidth available to pirates
and their customers increases, and propose a possible long-term solution.

Keywords: Auditability, authentication, conditional access, copyright
protection, smart cards, trust management.

1. Introduction

We are concerned with infrastructures for managing chargeable content, more
commonly known as conditional access (CA) systems. CA systems are attempting
to solve an inherent paradox: How is access to content enabled yet still controlled?
CA systems also have a particularly severe threat environment: Neither the honest
consumer nor the pirate wants to pay for security, so the consumer devices must be
very low cost. Furthermore, every consumer is a potential adversary, and none can
be audited, so tamper detection is irrelevant. From a cryptographic perspective,
efficient broadcasting requires universal shared secrets, since typically a single data
stream is broadcast for any content. Protecting universal keys, yet still make them
usable by legitimate consumers, is very difficult. The threat model also must bound
the scope of conditional access systems: Is local copying a concern? Is content
redistribution a threat?

CA systems protect content delivered in a variety of ways: At one extreme on the
risk spectrum are satellite systems with a large footprint. The content (e.g., a
movie) received by one subscriber to the service is available to many other
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subscribers and non-subscribers. So the keys used to protect the broadcast are
valuable to the pirate because they can be used cheaply by many people. In a
similar fashion, content distributed by a fixed media like DVD (high density optical
discs) is logically broadcast, since low cost disc pressing mechanisms require that
all discs corresponding to a single title contain the same bits. Although one needs
the disc to play the content, the pirate can redistribute the same key to every disc
holder. At the other extreme are cable or even point-to-point distribution schemes,
where the community of recipients is isolated to a neighborhood or even to a single
home. The extremes also correspond to the editing of content for a particular
recipient—highly specific and timely information (a snapshot of an individual’s
stock portfolio), while valuable, is not a good candidate for large-scale piracy.

The pirate may take advantage of the broadcast footprint when building his
infrastructure: at one extreme the pirate redistributes the content directly; this
requires building a significant distribution infrastructure, the development and
maintenance of which may be far more expensive than obtaining the pirated content
to be redistributed. In a less complicated attack, the pirate leverages off of the
legitimate infrastructure for content distribution, but redistributes the minimum
secrets needed to decrypt the content—like the content, this material is untraceable
(since the secrets are used globally). At the other extreme, the pirate attempts to
leverage off of the legitimate infrastructure for key distribution also—clones of one
compromised CA module (CAM) interoperate with the legitimate infrastructure.

This paper is organized in the following way: Section 2 describes an overview of
CA systems. Section 3 presents the security building blocks that enable solutions.
Section 4 presents concepts that may be used to quantify the risk associated with the
delivery of particular valued content in a particular way. Section 5 describes how
the CA threat model changes as networking bandwidth increases, and proposes a
possible solution. Section 6 presents some concluding remarks.

2. CA Overview

Conditional access (CA) systems control access to chargeable content. This content
includes both data and entertainment products such as movies or music. The
content may be delivered in many ways, including broadcast from satellite or a local
broadcaster, transmitted over cable or the Internet, or delivered by fixed media, such
as a DVD. Billing policies also vary greatly: content may be sold as part of a
subscription such as premium movie channels, by the unit like pay-per-view movies,
or incrementally as in a stock ticker that is charged by access time.
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2.1 The CA Infrastructure

The primary function of a CA system is to report content access to a billing system,
and to prevent unreported access to content. To force content to be accessed
through the CA system, content may be encrypted using cryptographic keys known
only by the CA system. In this model, encrypted content is broadcast by a headend
system and accessed through a CAM on the user’s set-top-box (STB, e.g., a TV or
cable tuner). Accesses are reported to a backend billing system. The distribution
of content keys is managed by a key management system (KMS) that lets CAMs
learn the keys needed to decrypt content. This model is illustrated in Figure 1.
Notice that content keys need not be delivered with the content, although they may
be, and that the backend billing system may be independent of the headend too.

Encrypled
Contenl
CA Module

Content

ot E%\H ‘/ = é/

Billing System

Figure 1: Model of CA Infrastructure

The CAM, which is present in every user’s house, must protect cryptographic keys
that are universally useful. That is, the keys that a CAM uses to decrypt content are
equally useful to other recipients of the broadcast. If those keys are compromised
and distributed, other recipients of the broadcast may use the keys to access content
for free. In particular, since there is more content than keys (e.g., content takes up
more bandwidth than keys), a pirate can leverage off of the original broadcast, only
redistribute keys, and make money at the broadcaster’s expense.

This suggests that the security concept behind the CAM is to force the pirate to
redistribute content instead of keys. Because of economies of scale, the legitimate
broadcaster may be able to distribute content much more cheaply than the pirate
can. (This is, at present, true for video, but may not be true for audio.) So the CAM
may be viewed as a device that converts a broadcast transmission (that is available
to everyone) into a point-to-point transmission that makes content (but not universal
keys) available to an individual user.

The CAM is a hardware device that protects keys. The security of this hardware
decreases over time, because its design flaws become known, and physical attacks
against it become cheaper. Furthermore, the pirate may be able to amortize the cost
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of attacking a single module over the sale of many counterfeit modules. This
suggests that the CAM be renewable, so the security of the CA infrastructure may
evolve over time. The challenge is to design an infrastructure that admits increasing
security at low cost over a long lifetime.

2.2 Copy Protection

Protecting the content against redistribition is a difficult problem, but may not be a
significant threat at the present time. Until section 5, we assume that we are
protecting high density content like video, that requires significant transmission
bandwidth. So we will assume that local piracy, where individuals make copies for
themselves, is possible, but cannot be efficiently leveraged into wide-scale
distribution. On the other hand, key distribution, because of its low bandwidth
requirements, is a threat. In general, we are concerned about attacks that are profit-
motivated, and that significantly reduce the legitimate service provider’s revenue.

3. CA Building Blocks

This section first describes the building blocks in a conditional access system and
then presents several security design principles.

3.1 Content Authoring

Before content can be distributed to customers, it must be prepared for distribution.
This involves formatting the data stream for the particular transmission mechanism,
and encrypting it under one or more cryptographic keys. These keys are used as the
primary mechanism for distinguishing one piece of content from another—that is, if
the CAM uses a particular key to decrypt content, the customer can be charged for
accessing the content that key is intended to decrypt. So keys are bound to billing
units, and the same key must not be used to encrypt different billing units.
Furthermore, keys must be named in some way, so the CAM can be instructed to use
a particular key when it is given particular content. The integrity of the binding of a
key to its identifier must be maintained throughout the system.

It is possible to consider using time to distinguish one piece of billable content from
another. But in a satellite pay-per-view system, many movies may be broadcast
simultaneously, and the CAM cannot trust the channel information that it may
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receive from the receiver. In contrast, if the CAM is instructed to use the wrong
key, the plaintext will not be reconstructed properly. Using keys in this way serves
to implicitly authenticate the content.

3.2 Key Management System

The content authoring system must coordinate with the key management system, the
billing system, and the content distribution system. The key management system
delivers content keys and their identities to customers’ CAMs. These keys may be
multicast, broadcast to individual CAMs, or delivered over secure point-to-point
sessions. Depending on the system architecture and billing policy, the key
management system may send to a customer’s CA module only the keys to which he
is entitled. Or, the key management system may send all keys, and depend on the
CAM to report back use of those keys to the billing system. The former is an
appropriate strategy for subscription services like HBO, and serves as a form of
mandatory access control. The latter is appropriate for impulse-pay-per-view
services, where it is impossible (or inconvenient) to identify the customers for a
particular piece of content in advance. In practice, some combination of mandatory
and report-back strategies are often used.

3.3 Billing System

The billing system has two security roles: one is to instruct the key management
system which keys should be sent to individual CAMs, and the other is to upload
logs of key use from CAMs. These two functions correspond to advance billing for
subscription services, and credit-type billing for pay-per-view services (i.e., where
services are used before they are paid for).

3.4 Renewable Security Modules

In order to constrain the design of the CAM as little as possible, we should define
the interface between it and the STB. This has two advantages: It allows innovative
CA approaches as pirates become more sophisticated, and it allows for STBs to be
built without considering the details of the CA infrastructure. The simplest interface
between an STB and the CAM relays the encrypted broadcast received by the STB
to the CAM, where it is decrypted and returned to the STB [3]. The STB then plays
the decrypted broadcast. This is illustrated in Figure 2:
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Figure 2: The External Security Architecture

It is interesting to contrast this architecture with the smartcard [5] approach to
security (Figure 3). In that architecture, instead of sending the smartcard the
encrypted broadcast, the STB extracts encrypted keys (called ECMs) from the
broadcast and sends them to the smartcard. The smartcard decrypts those encrypted
keys and returns the plaintext keys (called CWs) to the STB, which uses the
plaintext keys to decrypt the encrypted broadcast. The smartcard approach has two
architectural flaws:

1. The architecture overly constrains the security architecture. In particular, the
STB needs to know how to extract encrypted keys from the broadcast and how
to decrypt the encrypted broadcast using the plaintext keys.

2. The plaintext keys, which are universally useful, are available to anyone
watching the smartcard interface.

Smartcard

Figure 3: A Flawed Architecture

The second point is the most important: The pirate, instead of being forced to
compromise the smartcard, can obtain plaintext keys by watching the output of the
smartcard. (This attack works even if the keys are re-encrypted for the STB; in that
case the non-renewable STB must be compromised instead of the renewable CAM).
This attack was first described in 1992 by John McCormac and named the Jugular
Arttack. In this attack, the pirate redistributes those keys in near real-time to his
customers, allowing them to decrypt the broadcast for free. The Jugular Attack
allows the pirate to provide continuous access to keys, independent of the security of
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the smartcard. The smartcard architecture turns security upside-down, by depending
upon the difficulty of redistributing and using the pirated keys within the non-
renewable infrastructure, instead of depending upon the renewable CAMs to protect
those keys in the first place. At some point, the security of the smartcard becomes
essentially irrelevant, since the easiest attack concentrates on the non-renewable
host instead. Although this attack requires the pirate’s ongoing distribution of keys
(which may attract the attention of law enforcement), it is not as difficult as
redistributing content.

Smartcards are less expensive than CAMs supporting the external security
architecture. However, ASIC functionality increases while costs come down, and
packaging technologies (e.g., NRSS Parts A & B [6], the former being a thick
smartcard, the latter similar to a PCMCIA card) supporting renewable modules with
high speed 1/O are becoming available.

In the external security architecture, the effectiveness of the hardware security relies
in part on cryptographic strength, in part on the difficulty of reverse engineering,
and in part on the obscurity of the design.

The pirate can attack the CAM for two purposes: to compromise the universal
content keys, or to enable access without logging or charging for access. We are
concerned about attacks where the pirate can build a business out of his effort. In
the absence of an exploitable flaw in the logging/charging system, the pirate will
attempt to learn content keys, or the mechanisms for learning content keys. This
sort of attack enables the pirate to spend significant resources on compromising a
single CAM (for attacks, see [1]), since he can amortize the cost of his attack. This
suggests that if a particular CA market is large enough, the pirate’s payoff increases,
and system-wide risk increases too. So, in addition to periodic renewal of the
security module, it is prudent to make it difficult for the pirate to be able to leverage
off of the compromise of a single CAM. One such technique, pirate card rejection,
is described in section 3.6.

3.5 Interface/Copy Protection

The external security architecture decrypts broadcast content, and sends the
plaintext to the STB. This places the plaintext content over the user accessible
interface between the CAM and the STB. Notice that universal keys are not
exposed, and the pirate is forced to redistribute content. If even local re-use (local
piracy) of the content is undesirable, the CAM may re-encrypt the content under a
locally negotiated session key before forwarding it to the STB. Since the STB is not
renewable, that session key is not well protected. However, the key is not very
valuable anyway, and requiring the customer to compromise his STB to get free
local re-use may be a sufficiently high obstacle for the benefit gained.
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3.6 Pirate Card Rejection

Although the primary security in the external security architecture depends upon
how well the CAM protects keys, it may be useful to leverage off of the legitimate
infrastructure to enhance this security. That is, the legitimate infrastructure can
reduce piracy by increasing the cost of piracy. For example, an STB may
discourage piracy by implementing a pirate card rejection mechanism. If STBs in
the legitimate infrastructure make it more difficult for customers to use pirated
CAMs, the pirate may be obliged to sell pirated STBs in addition to pirated CAMs.
This will complicate his business considerably. One such mechanism enables
legitimate STBs to reject pirated CAMs.

In order to reject pirated modules, the STB must identify pirated modules.
Unfortunately, this is hard to do, because a pirated module may masquerade as a
legitimate module. So the best one can do is to count on STBs to reject modules
they are not authorized to communicate with. A STB may be authorized to
communicate with only a small set of modules (e.g., the single module the user was
given). If a different module is inserted, the STB can reject it. This effectiveness of
this approach depends on two assumptions:

1. The pirate can compromise a small number of CAMs, and cost-effectively
distribute pirated modules based on the ones he compromised.

2. The pirate cannot cost-effectively produce pirated modules based on each
individual customer’s legitimate module.

That is, we assume that is it is much cheaper for the CA provider to create each
individualized CAM than it is for the pirate to compromise any single module.

There are many protocols for pirate card rejection (also called verifier functions
[4]). We now summarize a protocol [7] that has several valuable characteristics:

1. Pirate card rejection is separated from interface protection (copy protection). In
particular authentication of movie content is separated from its encryption.
This orthogonality is important since strong pirate card rejection may be
realized, even if only weak interface protection is possible for cost or export
reasons.

2. Pirate card rejection is separated from billing policies, so the frequency of the
module’s authentication is unrelated to the granularity of billing (e.g., the
mechanism is indifferent to whether pay TV is billed by the movie, or by the
seconds of video decrypted).

3. Pirate card rejection is controlled locally by the STB, and not by the
broadcaster. This has several advantages: Poorly implemented STBs do not



166  David W. Kravitz and David M. Goldschlag

compromise the entire system; the broadcaster is not burdened with issuing the
authentication challenges associated with pirate card rejection; and the pirate
gains no advantage by inspecting the broadcast before it is received by the STB.

4. The running of the protocol is efficient, in part due to the fact that the
authentication proofs occur only sporadically, even though they effectively
cover all movie content.

5. The protocol can be implemented at low cost and mostly in software, in both
the STB and in the CAM.

The protocol is briefly summarized as follows:

(1) STB -> CAM: Negotiate session key
(2) CAM -> STB: Challenge, , Status
(3) STB -> CAM:

Return to (1) if out of session-key sync, or
— Request Packet Resync, and return to (2), or

— Response, and return to (2)

The subscript notation denotes that A=authentication; E=encryption. The challenge
refers to ciphertext and plaintext from the data stream.

The effect of pirate card rejection is to shift the burden from relying entirely on
securing each card to also leveraging off the fixed infrastructure which includes the
high-price consumer electronics (CE) units themselves, namely the STBs. These
units typically do not have a substantial profit margin even when produced by
experienced CE manufacturers. Furthermore, they may have parts that can wear
out, which may make a customer think twice before acquiring such a unit from a
pirate rather than an established CE company which provides warranties on its
boxes provided they are not mishandled. Opening up the unit to attempt to make
modifications would, in particular, qualify as mishandling. Circumvention by a
pirate of an effective implementation of pirate card rejection may be too costly: It
requires breaking individual customers’ CAMs, or either tampering with individual
customers’ STBs or having customers use pirated STBs.

If the STB is programmable, then pirate card rejection may not be effective. For
example, pirate card rejection could be skipped, or the component that validates
which CAM the STB is authorized to communicate with could be corrupted. A PC
may be an inexpensive, yet programmable “soft” STB, since the customer may
already own a PC. One possible solution is to control licensing so enabling
components that are not software (e.g., the proprietary TV tuner or disc reader)
cannot be part of such programmable architectures.
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3.7 CA Design Principles

The pirate may have lower operating costs than the legitimate service provider,
since he does not have to pay the content owner for content. So the CA system must
attempt to complicate the pirate’s business. The design principles attempt to make
it difficult for the pirate to learn content keys and distribute them to his customers,
and to make it difficult for his customers to use those keys.

Protect keys and not content: Since dense content is expensive to redistribute, and
content needs to be made available eventually to non-renewable devices (like a TV),
the focus should be on protecting keys.

Protect universal keys: Universal keys should never leave the security perimeter of
the renewable device.

Protect universal keys better than local keys: Local session keys which may be used
by the CAM to communicate with the non-renewable STB need not be as well
protected as universal keys, since the STB makes them vulnerable anyway.

Prevent the pirate from leveraging off of the legitimate distribution system: While
this may be impossible with respect to content in certain distribution systems, it is
possible with respect to content keys. Instead of broadcasting content keys, which
makes passive eavesdropping by counterfeit CAMs an effective means to learn new
keys, distribute keys over a different channel than the content, over secure point-to-
point connections (e.g., a phone line).

Maintain a tether between the backend systems and the customers: Requiring
CAMs to maintain periodic contact with the backend systems, provides indirect
audits of CAMs. A tether can be enforced in two ways: By a negative system
where the CAM stops working unless it contacts the backend periodically; or, by a
positive system, where the CAM needs to contact the backend to learn new keys.
The latter approach forces the pirate to maintain contact with his customers also,
since he cannot supply them with all future content keys when he sells them the
initial device. Forcing a pirate and his customers to maintain a relationship
significantly increases the cost and risk associated with an illegal operation.

Harden the legitimate infrastructure to make it difficult to use keys obtained from a
pirate. Pirate card rejection is an example of this hardening.
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4. Quantifying Risk

Consider the following “threat metrics” in an attempt to quantify risks associated
with profit-driven piracy.

Time-sensitivity of content:

e when made available
e when play window begins

e  perishability
Cost of legitimate content distribution:

e broadcast footprint
e  cost to customer
e return policy

e playback equipment requirements (cost, input/output ports)
Key use costs:

e  complexity

e out-of-band vs. direct delivery
Media cost issues:

e packaging

e  physical marking for watermarking
e  durability

e raw cost of media

e pressing/copy production equipment cost (use/own/modify)

4.1 Examples of Risk Quantification

We now expound upon the threat metrics and, where appropriate, refer to specific
types of content distribution mechanisms, such as satellite pay-per-view, media sale
with limited license, media rental, cable pay-per-view, and point-to-point video-on-
demand via phone. By media sale with limited license, we mean a scheme whereby
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the customer owns the media, but may pay for access to the content. In particular,
media sale allows for rental pricing without media return.

Regarding key use costs, e.g., how much complexity is involved in using the
purchased pirated key: In the case of content distribution through remote sources
(such as via satellite or cable), TV/VCR equipment which can tune in broadcasts (if
built with output ports) may provide the pirate with a cheaper and less obtrusive
means of circumventing pirate card rejection techniques, where the pirate device
would go between the tuning TV/VCR and the TV monitor. In the media sale
model, the content must be obtained locally from the media.

With respect to legitimate content distribution: Satellite pay-per-view has a very
large broadcast footprint, while cable pay-per-view has a substantially smaller
footprint. Media sale, rental, and point-to-point have none.

Time-sensitivity of content is an issue in that some service providers may lag behind
others in terms of movie availability, so that for a certain time window these early-
delivery channels are providing content of higher value. If the piracy threat is
content redistribution (e.g., via sale of pirated media) then a live pay-per-view
boxing match which is of much lower value once the outcome is known, may pose a
more difficult target for profitable piracy than, say, media sold under limited license.
The fact that media rentals must be returned promptly in order to avoid additional
fees means that a certain percentage of customers routinely make a single copy so
that they can time-shift their viewing of the movie. This copy is usually made for
personal use, and may be of reduced quality in part due to analog copy-protection
techniques. With respect to durability of rental media, the rental media itself may
already be of diminished quality due to heavy use by non-owners (i.e., less concerned
users). In the case of media sold under limited license, the customer retains a copy
which would be worthwhile accessing without paying additional (legitimate)
charges, if a pirate can provide a convenient lower cost alternative and if enough
such titles are deemed worthy of paying for the pirate’s service.

As a title's sale price drops to say $5-10, piracy becomes less of an issue, because of
the high fixed cost of the raw media.

As it becomes more trivial for pirates to package media so that it is (virtually)
indistinguishable from authorized copies, the value of such copies increases. Of
course, the pirate does not need to pay for licensed distribution of the content.

Turning again to key use costs, for satellite and cable (unlike distribution channels
which rely on certain types of physical media) it is cost effective for the legitimate
service to change the content encryption key with each transmission of the movie
(while in the case of point-to-point it may not currently be necessary to encrypt at
all). If a content distribution system is instantiated so that it does not use point-to-
point (e.g., modem) instead of broadcast for delivery of the content decryption keys,
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but rather relies wholly on the user device to track use of keys, it may be cheaper for
a pirate to proliferate devices which directly receive decryption keys (from the
broadcast) while circumventing the bill-for-use policy. In the case of a (legitimate)
point-to-point key distribution mechanism, the backend of the system may be able to
determine if a CAM with a particular ID repeatedly requests the same keys. Even if
point-to-point is used for legitimate key distribution, the system may not charge for
key delivery if such delivery is not tied closely enough to key use. In particular, a
given key may never be used if no movie associated with that key is ever viewed.

If, in order to avoid charges associated with use of keys delivered directly to the
legitimate CAM, a customer is dependent upon the pirate for out-of-band delivery of
content encryption keys, this provides a pirate with a continuous source of revenue,
but requires the customer to enter into a more long-term relationship with the
inherently untrusted pirate. If the pirate is to get paid for each instance of such out-
of-band delivery of keys, he cannot simply set up an anonymous Website for key
delivery. Establishing a means for payment may reveal his identity.

The fact that a particular system must be equipped to handle free content may make
it easier for a pirate device to avoid billing or other penalties such as non-availability
of service. For example, consumer electronics equipment may be designed to handle
multi-sourced content, and, in particular, a VCR needs to be able to play user-
generated content such as camcorder output, which can complicate processes such as
playback detection/verification of embedded watermarks/digital signatures.

Content distributed on physical media may make use of "physical marks." For
example, in [8], there is discussion of a physical mark P, and watermark W, created
from a seed U during mastering, such that P=F(U) and W=F(F(U)). According to
[8], one realization of such a physical mark is the "wobble groove" in optical discs.
For professional publishing, the function F and P are specified such that P contains
an ID for the publisher or a serial number of the mastering machine, where a pirate
publisher must either know U which is not derivable from the store-bought copyright
disc or tamper with his media press. If the pirate is not very large-scale, he may not
own the media press he is using, and thus may be barred from modifying it. Each
content provider keeps his own secret seed U, but not the means to derive U from
arbitrary P, so that the system does not require dissemination of a universal secret.

5. Content Redistribution

If content redistribution is easy, there is no real point in protecting content up front,
by encryption, for example. Imagine that bandwidth was very cheap: HBO may
have a single customer, a pirate, who redistributes content to everyone else. Service
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providers cannot sustain businesses in such an environment. In this section, we
describe a possible direction for protecting content in such a threat environment.

Notice that securing the input ports in the STB is not an adequate solution, since
customers must always be able to play home generated content (like output from a
camcorder) and the pirate could redistribute content as if it was generated by a
camcorder. We must prevent chargeable content from masquerading as free
content.

Key insight: Just like in pirate card rejection we give up on making CAMs
impossible to compromise, and instead shift the burden to building individualized
pirated CAMs or pirated infrastructures, here we focus on preventing use of the
pirated content rather than on preventing acquisition of the pirated content in the
first place.

Assume that the content itself can be watermarked in some robust way at authoring
time, so legitimate playback devices will detect the watermark.  Assume
furthermore that the pirate cannot remove this watermark. Watermark removal is
usually done by corrupting the content, or by comparing two instances of the content
with different watermarks. This latter attack need not be enabled in this approach,
since all instances of the content will have the same watermark (i.e., watermarking
is done here for playback control purposes, and not for tracing the source of
unauthorized distribution). In this approach the content is watermarked at authoring
time.

To play watermarked content, each legitimate playback device (i.e., TV monitor)
requires authorization from the CAM with which it is allowed to communicate. So
instead of decrypting content for the TV monitor, the CAM becomes an authorized
licensing device. The legitimate playback device inspects content to see if a
playback license is required, and refuses to play marked content if no license is
presented.

Compromise of this system requires the pirate to corrupt the watermark while still
maintaining product quality, or produce playback devices that ignore the watermark,
or compromise individual customers’ CAMs. The latter two are akin to the threats
we resist in pirate card rejection.

6. Conclusion

This paper presented a functional overview of CA systems, and described the
building blocks and principles that may be used in building secure CA systems.
Cost-effective security depends upon a careful identification of the significant
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threats to the legitimate provider’s business, renewability of certain security
components, and dependence upon the fixed infrastructure. Legal protection is also
important, as this may serve to offset the pirate’s lower costs of content acquisition.
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1 Introduction

Because the growing use of cryptography and other security technology by the
entertainment industry is an important fact of life in our field, the Financial
Crypto '99 Program Committee decided to hold a one-hour panel discussion on
Fair Use, Intellectual Property, and the Information Economy. Roughly the first
half of the session was devoted to the moderator’s introduction and five-minute
talks by each of the panelists. Approximately 10 days before the conference, the
moderator distributed her list of questions (Section 2 below) to the panelists and
told them to prepare to speak for five minutes on one of them or on a similar
question about the interplay of technological and non-technological aspects of
Intellectual Property (IP) management. The rest of the session consisted of a
lively audience-driven discussion.

In Sections 3, 4, and 5 below, three of the panelists summarize their own
remarks and some of the audience reaction to those remarks.

We are very grateful to the rest of the panel and to the audience for making
the session a success. We look forward to more sessions on technical, legal, and
economic aspects of IP management at future Financial Crypto conferences.

Current address: Kroll-O’Gara Information Security Group, 3600 West Bayshore
Blvd., Suite 200, Palo Alto, CA 94303.
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1.

Jon Callas et al.
Questions for Panelists (Joan Feigenbaum)

Widespread use of the Internet and personal computers presents an oppor-
tunity for fast, cheap, and flexible creation and distribution of digital works.
It also threatens to make copying and modification of these works much less
controllable than it is in more traditional media. This threat has frightened
enough powerful constituencies to give rise to UCC2B (Uniform Commercial
Code, Article 2B), DMCA (Digital Millenium Copyright Act), US partici-
pation in the WIPO (World Intellectual Property Organization) treaty, etc.
Are these constituencies over-reacting? Fears that VCRs would destroy the
movie business or that copiable floppy disks would destroy the software busi-
ness proved unwarranted. Do creators and distributors really need as much
control over copying and modification as they think they do, or can they
make money without it?

. The traditional strengths of the cryptology and security R & D community

position us perfectly to respond to creators’ and distributors’ fears by invent-
ing and improving techniques to control copying and modification. Could we
be just as good at (and have more fun) inventing and improving techniques
for alternative forms of IP management? Do our types of ideas and tech-
nology suggest some alternative business models that are not centered on
copy-control?

. In another effort to control copying and modification, “content distributors”

have pushed for “anti-circumvention legislation.”

(a) Does this mean that they do not believe that the cryptology and security
R & D community can produce a “technological protection measure”
(TPM) that actually works?

(b) There is some recognition, e.g., in the DMCA, that experimental circum-
vention is an integral part of the security R & D process. The DMCA
approach is to make circumvention illegal except when it’s done for cer-
tain purposes, one of which is “encryption research.” Is this a viable
approach, and, if so, what are the shortcomings of its implementation in
the DMCA? What are alternative approaches?

. While “anti-circumvention legislation” may be viewed as an expression of

pessimism about our community’s technical competence, certain aspects of
the proposed UCC2B may be viewed as an expression of extreme optimism
about both our technical competence and our ethics. What are the pros
and cons of using technical mechanisms as substitutes for social and legal
mechanisms?

. Is contract law a more useful framework for digital IP-management than

traditional copyright law? If so, what technological challenges are presented
by this use of contracts?
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More information about UCC2B, DMCA, and WIPO can be found at the
following web sites:
http://www.2BGuide.com/index.html

http://sims.berkeley.edu/BCLT/events/ucc2b/
http://www.hrrc.org/DMCA-leg-hist.html
http://www.wipo.org

3 The Digital Millenium Copyright Act (Jon Callas)

The DMCA has in it a number of provisions that are of concern to people who
work in cryptography and information security. The DMCA is the US Congress’s
law that implements the WIPO treaty on protecting information property world-
wide.

The goals of the treaty are laudable, even if there are a number of issues about
copyright and electronic media that we might disagree on. For example, I could
make a reasonable argument that, because I can clip an article from a newspaper
and send it to my mother without violating copyright law, I ought to be able to
do the same from the web with email. Some disagree with this. However, I think
very few people would be sympathetic to a site in the country of Elbonia that
mirrored that newspaper’s content and put up its own ads. Similarly, few people
are sympathetic to those who copy and distribute unauthorized movies, music
recordings, and software packages. It is these things that the WIPO treaty and
the DMCA are trying to address.

The problem with the DMCA is its implementation of the law to serve these
goals and the effect it could have on research and on the high-tech industry.
The most glaring problem is the so-called anti-circumvention provision. This
provision in the DMCA makes it a felony to circumvent any (TPM) that “effec-
tively controls access to a work protected” by the DMCA. There are a number
of unresolved issues with this provision, as well as unsettling questions.

First, there is no definition of the term “technological protection measure,”
nor is there a clear statement of what it means for such a measure to be “effec-
tive.” It may help to stand back for a moment before I pick nits to look at the
goal again. The goal is to make it a more serious crime to infringe a work that
the owner actively tried to protect than to infringe one that the owner merely
stated ownership of. If we go back to my example of the newspaper article on
a web site, that article has no TPM, as opposed to a copy-protected motion
picture, which does, and most likely an effective one.

The problem exists on both sides of this question. It is easy to get into a gray
area of what an effective TPM is, particularly in computers. Years ago, a certain
computer’s file system had a “don’t copy” flag that one could set on a file. This
computer’s “copy” command would not copy files with this flag set, but backup
utilities would copy the file, and it was certainly trivial to write a program that
opened the file, read its contents, and wrote them back to another file. Was this
TPM effective? Arguably yes, arguably no. This gray area causes a small concern
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to toolmakers who might accidentally circumvent a TPM (does the backup utility
circumvent the no-copy flag?). It is only a small concern, because there are parts
of the provision that ban only those tools that have “only limited commercially
significant purpose or use other than to circumvent.” However, if you are in
favor of this provision, the gray area opens up the possibility of the provision’s
being struck down by a court on vagueness grounds. (It is my opinion that the
provision should be struck down on vagueness. There are many exceptions and
descriptions of what might be banned that laudably get rid of almost all overt
absurdities like banning backup utilities, but we are finally left with a vague
definition. In my experience, it is ironically harder for technical people to tell
what is acceptable than non-technical people; the toolmakers don’t even know
what’s unacceptable when they see it.)

The next problem with the anti-circumvention provision is that it does not
tie circumvention to infringement. Circumvention outside of infringement is still
a felony punishable by five years imprisonment. The DMCA is thus not merely
a copyright law; it also creates the new crime of circumvention. This crime is
also separate and distinct from violating someone’s copyright. It is a crime to
use intellectual property that you have the right to use but that someone else
has protected.

A potential serious problem for the high-tech industry is where circumvention
collides with fair use. Most people think of fair use as simply the right to quote in
a review, but it extends past that. Every high-tech researcher or worker should
know that it is fair use to reverse engineer something for the purpose of making
compatible equipment. At FC99, the discussion came up as to whether fair use is
a right or merely a defense in the United States. In some cases, particularly this
one, it is undeniably a right, and one of the most strongly upheld rights there is.
(Another is the right to fair use for the purpose of constructing a parody.) Ever
since the Supreme Court ruled against IBM — who claimed that their copyrights
on the “channel” prevented anyone from making compatible computer peripher-
als — this has been a fundamental right that has fueled the high-tech explosion.
Invention is now not only making a better mousetrap, but making a compatible
one that is cheaper. I think there is no question that someone will try to use the
circumvention provision to squash competition. We can only hope that they fail
in court.

Somewhat related to this is the fact that the DMCA goes far beyond what
the WIPO treaty requires. Like all international treaties, the requirements of
WIPO are minimal and come nowhere close to requiring that circumvention be
addressed at all. The copyright holders may in fact merely stifle innovation by
their countrymen, while teaching other countries how to break the protections
that are slowly built.

Finally, there is the burden placed upon cryptographic researchers. Among
the many compromises and exceptions in the DMCA are those relating to re-
search. The copyright holders understandably do not want to catch someone
with a warehouse full of bootleg videotapes and have them offer in their defense,
“but I was only doing research.” The researchers, on the other hand, do not want
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to show that a security system is worthless, only to be rewarded for their good
deed with a felony charge. This is further compounded by the fact that, in the
last few years, unknowns have done the most compelling work.

There are a number of compromises and exceptions have been put into the
DMCA for researchers. The most important is a defense added for researchers
who ask permission of a copyright holder to break the protection and then inform
the holder of the result. (Note that it is not necessary to receive permission,
merely to ask). Like all compromises, this makes all sides unhappy. Researchers
don’t like having to ask permission and worry that this could chill research.
Ironically, any chill on research directly hurts the copyright holders, because
they are the consumers of protection technologies.

In summary, changes to copyright law in the DMCA provide a number of
difficulties to information security researchers and workers. None of them is a
disaster, but they are annoyances. The law itself may be subject to challenges,
because of its mix of vague terms and a patchwork of exceptions, exemptions,
and wordings. The law also goes far beyond what is required by the WIPO treaty.
During hearings, Congress itself was concerned that portions of the law will not
solve the problems the copyright holders want solved and may be overturned in
the courts. Only time will tell here.

4 Content Protection in a World where Everyone Can Be
a (re-)Distributor (David M. Goldschlag)

The social /legal /technical focus of content protection should not be on the threat
of local copying but rather on the use of redistributed pirated content, because
redistribution is the main threat to revenue. In a world of cheap bandwidth,
significant piracy can occur through a web of piracy, and such limited local
redistribution is difficult to counter.

4.1 Overview

Some bits are more valuable than others, and the creator of bits must have some
way to control their use, to justify and profit from his investment. Titanic’s
production budget could never have been recouped if each theater could show
the movie for the cost of the film media. Ticket-based revenue sharing is one way
to price bits to limit both studios’ and theaters’ financial risk.

In a world of cheap bandwidth, everyone can be a distributor, and every
purchaser of bits can redistribute them. In the absence of social, legal, and
technical controls over the use of bits, expensive bits will not be produced. Even
giving away bits for free and paying for them by advertising does not solve the
problem if the advertisements can be filtered out.

Producers of both video and music have focused on legal and technical mech-
anisms limiting the consumer’s ability to copy content that he has purchased.
Such copy-control constraints have been justified as protection against both lo-
cal copying and large scale piracy. With respect to local copying, the constraints
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have to be sufficiently high to enable the legitimate distributor to price his prod-
uct differently for different usage by typical consumers: A movie videotape may
be rented for two days for $3 or sold for unlimited non-commercial use for $20;
if copying were trivial, then few consumers would buy the movie outright.

But to claim that copy-control mechanisms protect against large scale piracy
ignores the real threat to revenue: None of these mechanisms can prevent the
serious pirate from obtaining his own clean digital copy of the bits and redistrib-
uting them to others to play on their own equipment as if they were free bits.
The pirate can afford to surmount the copy protection hurdles because they are
his only production cost. In a world of cheap bandwidth, he can then compete,
unfairly, in direct commercial competition with the content owner’s proprietary
distribution channels.

The cryptographic community has benefited from the focus on copy con-
trol and has delivered to the entertainment industry sophisticated and complex
solutions depending on public and symmetric key cryptography, certificates, cer-
tifying authorities, and certificate revocation. But these solutions are a dead end,
because their robustness is limited by their implementation in highly price sen-
sitive, long lived, and insecure consumer electronics equipment, and they do not
address the real threat of large scale piracy anyway.

4.2 The Threat is Redistribution

Piracy can be cast as an economic question, whether the pirate is able to under-
price the legitimate distributor. Since the pirate has no significant production
costs, his main costs are distribution, the risk of legal prosecution, and con-
sumer resistance to piracy. Depending upon the product, these costs may be
high enough to allow the legitimate distributor to compete (and make a profit).
In the electronic world, where distribution may be free, and avoiding prosecution
(by identity hiding) may be easier, the pirate may gain an advantage.

It is helpful to consider analogies from today’s world, while predicting how
piracy will work when bandwidth is cheap. For example, when VCRs were first
introduced, studios worried that their business would be hurt by the easy copying
of movies. But the VCR enabled home video rental, which is now the studios’
largest single revenue source. It turned out that the threat of local copying was
not high, because a limited viewing license is appropriate for most movies for
most consumers. Furthermore, mass redistribution by the consumer is not easy.
Even if the consumer wanted to copy the movie for redistribution, his costs
include the cost of the blank videotape, a second VCR, making the copy, and
giving the copy to a friend. It is probably cheaper and easier for the friend to
rent the movie. In a similar way, video rental stores can operate more efficiently
than a pirate selling video tapes on a street corner, especially since those pirates
cannot make much profit selling at rental prices (and pirates cannot rent their
product).

Music is different from movies, because consumers may not want a limited
license. But music cannot be legally rented in the US, because music has an
exception to the first sale doctrine. However, music rental in Japan is legal,
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and the rental store is used (in effect) as the re-distribution mechanism. Not
surprisingly, the sale price of music in Japan is about 80% higher than in the
US (about $22 per CD, compared with $12). This allows the studio to shift
its expected revenue from unit sales to consumers to lower unit sales to rental
stores. Even with this premium, studios are attempting to prevent the rental of
new releases in Japan.

In the US, studios often use the same model with movies. Either movies are
rented with revenue shared between the rental store and the studio (RentTrak),
or movies are sold to rental stores for a high up-front cost.

As redistribution becomes easier (i.e., bandwidth becomes cheaper), piracy
become more significant. Consider digital music, whose bandwidth requirements
are less dense than video. A customer can purchase a CD, convert it to MP3 on
his PC, and send it by e-mail to his friends. One purchased album may end up
in many households.

The threat of piracy depends upon the price of legitimately purchased con-
tent, the license that is appropriate for that content, the ease of redistribution,
and who the redistributor is. Content unsuitable for limited license that is easy
to redistribute anonymously is hard to protect.

4.3 Conclusion

Local copying must not be trivial, and cryptography and legislation (e.g., anti-
circumvention) have a role in copy-control mechanisms. But these mechanisms
do not prevent the use of pirated content.

It is entirely possible that new business models will emerge that enable the
production and distribution of expensive bits without concern about piracy. The
VCR is an example of a technology that undid content providers’ concerns. How-
ever, cheap bandwidth and the digitization of expensive bits makes everyone a
distributor. And this enables the emergence of a web of piracy: A significant
piracy threat without any one person doing much more than limited redistribu-
tion. If one person surmounts the local copying hurdle, converts protected bits to
free ones, and redistributes them (by e-mail) to just a few friends, soon everyone
would have those bits. The threat of prosecution also disappears, because no one
is stealing very much, and no one is advertising his role in piracy.

5 Article 2B of the UCC (Erin Sawyer)

With the speed of technological development overwhelming even the most vigi-
lant observers, many wonder what should be the role of law in shaping and di-
recting the new digital economy. Law is generally not the trend-setter, preferring
to script a careful and detailed history after a critical mass of information has
been accumulated through court cases and business transactions. Law does not
play the soothsayer or the prognosticator; it codifies and formalizes the wealth
and knowledge of past experience. Until now. Article 2B of the Uniform Com-
mercial Code takes an entirely different approach. Article 2B is being drafted
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by the National Conference of Commissioners on Uniform State Laws and the
American Law Institute, voluntary associations of practitioners, professors and
judges. Once the draft is complete (sometime in the next few months), Article
2B would go to the legislatures of each state for approval.

Article 2B is designed to be a default rule for contracting across a wide range
of “electronic commerce” areas. Through drafting sessions, studies of industries
and existing laws, and consideration of a wide range of political, business and
social interests, the drafters hope to craft a law that would govern the universe of
contractual arrangements surrounding computer software and other information
that can be digitally transmitted. This universe of contracts includes arrange-
ments for development, licensing, distribution, sale and post-sale support, as well
as rules concerning relative fault of contracting parties, the scope of liability, and
the remedies available to those parties.

In many ways, the entire project of drafting a revision to the UCC that would
be attentive to special issues of contracting in a digital economy represents a cer-
tain optimism on the part of the legal community — an optimism that law can be
a guiding force in this confusing time of rapid technological development. His-
torically, contract law has relied on custom and usage of trade as an important
evaluation mechanism for all stages of the contracting process from the earliest
negotiations to offer and acceptance, performance, breach, and available reme-
dies. The digital economy presents a problem in this respect, because there is no
clear custom and usage of trade. Industries that come under the rubric “technol-
ogy” are diverse and varied, each with different needs and demands, each with a
potentially different way of doing business. To attempt to write a law of default
contract principles that prospectively addresses the needs of all technologies and
all business models is a daunting and, some would argue, impossible task. A task
that could do far more harm than good if Article 2B moves past the drafting
stage and becomes actual law.

So what are some concrete problems apart from the difficulty of predicting
the evolution of an industry that has so far exceeded expectations and defied
conventional wisdom? One key area of concern relates to licensing in general and
to mass-market licenses in particular. Remember that Article 2B strives to be
a default rule; thus, it would not apply to negotiated licenses between parties
of equivalent bargaining power. As the draft currently reads, vendors have a
great deal of power over consumers. They can require buyers to commit to an
order before the buyers are able to review the terms of the license. These shrink-
wrap and “click-wrap” licenses would be enforceable, even though there would
be no real offer and acceptance process, a hallmark of traditional contract law.
Additionally, vendors can prohibit the transfer or assignment of a license without
permission, and they would have the power to shut down a buyer’s system on
little more than the belief that the buyer has breached the contract! Not only
do these abilities place the vendor in an advantaged position in a business sense,
they also make the vendor judge and jury regarding breach of contract and
appropriate remedy.
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A second area of conflict and concern is the interaction of Article 2B with
existing laws regarding digital signatures at the state level. State legislatures have
had varied responses to digital signatures. While some have enacted complex laws
focusing on digital signatures as a source of consumer protection and a guarantor
of contractual integrity, others have done nothing at all. A uniform national law
regarding digital signatures may be desirable from a number of perspectives, both
legal and commercial. However, there is not enough transactional experience to
determine, with the level of certainty required, how the law should treat the use
of digital signatures. For states that already have digital signature laws in place,
the question would be how to mesh the new law with the old, whether to apply
a grandfather rule, and to what set of transactions or to what time period. For
states with no digital signature laws, Article 2B might still present conflicts with
existing consumer-protection laws. Issues of federal preemption and the right of
states to propagate their own laws is outside the scope of my comments, but it is
a tangled issue that the drafters of Article 2B have not thoroughly or consistently
addressed, opting instead for the optimistic vision of national uniformity under
a law that accurately captures the business and technical landscape of electronic
contracting. While it is true that digital signatures could theoretically protect
consumers from many possible frauds, the technology behind digital signatures is
in such ferment and active development that it is unwise to eliminate standard
consumer protections in the hope that technology will come up with failsafe
protections of its own.

Connected to the debate on the interaction between Article 2B and existing
digital signature laws is the issue of liability. The liability regime of Article 2B
casts a very wide net. Basically, if a person uses a digital signature or other
secure authentication technology and then loses control of that authentication
procedure in a negligent manner, that person would be liable for all losses related
to that negligent act. In other words, if a transaction is visualized as series of
events with multiple tangents, the negligent act would create liability for all
subsequent losses along any of those tangents, as long as the losses were caused by
the negligent act and the person sustaining the loss relied on the authentication
procedure. Obviously, the speed at which transactions take place in the digital
context as well as the potential for a very high number of transactions through
any given conduit makes the scope of liability theoretically endless.

This way of understanding the scope of liability represents a significant depar-
ture from the way liability is conceptualized in traditional contract law, bringing
us back to the original point that there is not enough transactional experience for
the law to codify liability and damages regimes. Without comprehensive (or at
least extensive) custom and usage of trade, with attention to the varying needs
of different technology industries and different digital transactions, there is no
way the law can predict how parties will interact, how technology will be able
to facilitate or harm that interaction and what different industries will require
as their position in the digital economy evolves.

The efforts of the Article 2B drafters are admirable in the sense that they are
trying to take stock of a developing industry and predict the problems early. As
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more and more people do business on the web and over email, it is useful for the
law to consider how the problems they face differ from those in more traditional
contracting settings. In addition, evaluating the legal landscape at this stage is a
valuable recognition that technology has legal, social, and political consequences
that are just as important as the technical specifications.

But whether such discourse and analysis should lead to codified law is another
matter. Although the law has come under attack as being slow-moving, risk-
averse, and unresponsive to changes brought about by doing business in the
digital economy, it is important to remember that it has never been the role of law
to predict trends or to set the rules of business before business has had a chance
to try out different ways of transacting and explore the consequences of those
methods in a less restrictive environment than the one provided by a codified
legal regime. The implementation of Article 2B across states with divergent
existing legal regimes is bound to create confusion rather than uniformity and
to hinder rather than encourage efficient business transactions.
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Abstract. We present a series of protocols for authenticating an in-
dividual’s membership in a group without revealing that individual’s
identity and without restricting how the membership of the group may
be changed. In systems using these protocols a single message to the
authenticator may be used by an individual to replace her lost key or
by a trusted third party to add and remove members of the group. Ap-
plications in electronic commerce and communication can thus use these
protocols to provide anonymous authentication while accommodating
frequent changes in membership. We build these protocols on top of a
new primitive: the verifiably common secret encoding. We show a con-
struction for this primitive, the security of which is based on the existence
of public-key cryptosystems capable of securely encoding multiple mes-
sages containing the same plaintext. Because the size of our construct
grows linearly with the number of members in the group, we describe
techniques for partitioning groups to improve performance.

Keywords: anonymity, authentication, key replacement, identification,
verifiably common secret encoding

1 Introduction

We present a protocol for authenticating an individual’s membership in a group
without revealing that individual’s identity and without restricting the frequency
with which the membership of the group may be changed.

Authenticating membership in a group is a common task because privileges,
such as the right to read a document, are often assigned to many individuals.
While permission to exercise a privilege requires that members of the group be
distinguished from non-members, members need not be distinguished from one
another. Indeed, privacy concerns may dictate that authentication be conducted
anonymously.

For instance, subscription services such as The Wall Street Journal Inter-
active Edition [19] require subscribers to identify themselves in order to limit
service to those who pay, but many subscribers would prefer to keep their reading
habits to themselves. Employee feedback programs, which require authentication
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to ensure that employees can report only on their satisfaction with their own
supervisor, also stand to benefit from enhanced privacy. Adding anonymity pro-
tects those employees who return negative feedback from being singled out for
retaliation.

Most existing systems that authenticate membership in a group do so by
identifying an individual, then verifying that the individual is a member. The
requirement that an individual must identify herself to authenticate her member-
ship can be eliminated by distributing a single group identity key to be used by
all group members. However, this approach makes supporting dynamic groups
unwieldy: whenever an individual is removed from the group, a new group iden-
tity key must be distributed to all remaining members. Not until every member
receives this key can authentication be performed anonymously.

We achieve anonymous authentication using verifiably common secret en-
codings. The current construct of this primitive allows us to reduce its security
properties to those of a restricted set of public-key cryptosystems. Using this new
primitive, we show how to build anonymous authentication systems for dynamic
groups in which a trusted party may add and remove members of the group in
a single message to the authenticator. We also show how group members may
replace their authentication keys if these keys should become compromised. Our
protocols ensure that even if a key does become compromised, all previous and
future transactions remain anonymous and unlinkable. We call this property
perfect forward anonymity.

Section 2 of this paper introduces some notation and conventions. Section 3
presents a set of requirements for anonymous authentication protocols. In Sec-
tion 4, we define a verifiably common secret encoding and list the operations
supported by this primitive. We use these encodings in Section 5 to create an
elementary anonymous authentication protocol. In Section 6, we extend this el-
ementary system to provide key replacement. In Section 7, we give a trusted
third party the ability to add and remove group members by communicating
only with the authenticator. In Section 8, we show how to encode, decode, and
verify VCS vectors, an implementation of verifiably common secret encodings.
Section 9 describes how to scale anonymous authentication for very large groups.
We provide a context for our research by discussing related work in Section 10
and then conclude in Section 11.

2 Conventions

Throughout this paper, we refer to any individual requesting authentication as
Alice. The authentication process exists to prove to the authenticator, Bob, that
Alice is a member of a group, without revealing Alice’s name or any other aspect
of her identity. When a trusted third party is needed, we call him Trent.

All parties are assumed to have a public-key pair used for identification. We
represent public keys using the letter p and secret (or private) keys using the
letter s. For any message m and key p, we define {m}, to represent public-
key encryption or the opening of a signature. For any message m and key s, we
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define {m}s to represent public-key decryption or signing. Symmetric encryption
of message m with key k is represented as Fj, [m]. When necessary, messages to
be signed are appended with a known string to differentiate them from random
strings. Messages sent by either Bob or Trent are also assumed to include a
timestamp.

The set P is a set of public keys associated with a group. An individual
whose public key is in P is called a member of P. More precisely, a member
of P is an individual possessing a secret key s corresponding to a public key
p € P, such that for the set M of messages that may be encoded using p,
Vm € M, m = {{m}p}s. To be authenticated anonymously is to reveal only that
one is a member of P. This definition of anonymity provides privacy only if there
are other members of P. We thus assume that the set P is public knowledge and
that one can verify that the public keys in P are associated with real individuals.

Finally, we assume that all communication takes place over an anonymous
communication channel [4,1,16,17]. This prevents an individual’s anonymity
from being compromised by the channel itself.

3 Requirements for Anonymous Authentication Protocols

The following three requirements are essential to anonymously authenticate
membership in P.

SECURITY: Only members of P can be authenticated.

ANONYMITY: If an individual is authenticated, she reveals only that she
is a member of P. If she is not authenticated, she reveals nothing.
UNLINKABILITY: Separate authentication transactions cannot be shown
to have been made by a single individual.

Note that the above definition of anonymity is the broadest possible, since se-
curity requires that only members of P can be authenticated.

The authenticator may choose to compromise security by authenticating an
individual who is not a member of P. Similarly, an individual may choose to
forfeit her anonymity by revealing her identity. Therefore, we must assume that
authenticators act to maintain security and that individuals act to preserve their
own anonymity.

The above requirements do not account for the fact that membership in P
is likely to change. Moreover, people are prone to lose their keys or fail to keep
them secret. For a system to be able to address these concerns, we add to the
list of requirements the following:

KEY REPLACEMENT: A member of P may replace her authentication
key with a new one and need only confer with the authenticator to do so.
DynNnAMIC GROUP MEMBERSHIP: A trusted third party may add and
remove members of P and need only confer with the authenticator do so.

To make membership in P dynamic, a third party is trusted to add and remove
members. If this third party is not trustworthy, he can manipulate the set P to
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reduce anonymity. For instance, if he shrinks P so that the group contains only
one member, that member’s identity will be revealed during her next authenti-
cation transaction.’

4 Verifiably Common Secret Encodings

We begin with a set of public keys, P. Recall that we defined a member of P to
be an individual possessing a secret key s corresponding to a public key p € P.
A wverifiably common secret encoding e, of a value z, has the following properties:

SECRECY: Only members of P can decode e to learn x.
COMMONALITY: Any member of P can decode e and will learn the same
value x that any other member of P would learn by decoding e.
VERIFIABILITY: Any member of P can determine whether commonality
holds for a given value e, regardless of whether e is properly constructed.

We manipulate this primitive using the following three operations:

€ < ENCODE(z, P)
x < DECODE(e, s, P)

isCommon < VERIFY (e, s, P)

In the next three sections, we use these three functions to build anonymous
authentication protocols. In Section 8, we provide a concrete algorithmic imple-
mentation for these functions.

5 Anonymous Authentication

We start by presenting a simple anonymous authentication protocol that sat-
isfies the requirements of security, anonymity, and unlinkability. It establishes
a session key y between Alice and Bob if and only if Alice is a member of P.
The protocol will serve as a foundation for more powerful systems providing key
replacement and dynamic group membership to be described in Sections 6 and 7.

This protocol requires that Bob be a member of P. If he is not, both Alice
and Bob add ppop to P for the duration of the authentication transaction.

5.1 The Authentication Protocol

Before the authentication transaction in Figure 1 commences, Alice randomly
selects a session key y. She then encrypts y with Bob’s public key to form

! In the case that a trusted third party cannot be agreed upon, anonymity can still
be protected by imposing rules governing the ways in which P can be modified.
These rules should be designed to prevent any excessive modification of P that might
compromise anonymity. Violations of the rules must be immediately detectable by an
individual when she receives changes to the membership of P during authentication.
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message (1). This message, which represents a request for authentication, may
also be augmented to specify the group in which Alice’s membership is to be
authenticated.

In response, Bob randomly picks x. He creates a message containing a veri-
fiably common secret encoding of z, signs it, and then encrypts with the session
key y. He sends this to Alice as message (2).

Alice decrypts the message and verifies Bob’s signature to reveal a value
e. If VERIFY(e, Saiice, P) returns true, Alice is assured that e is an encoding
that satisfies commonality. Only then does she use DECODE(e, Sqiice, P) to learn
x. If VERIFY (e, Sqiice, P) returns false, Alice cannot be assured that e satisfies
commonality and halts the transaction.

In message (3), Alice proves her membership in P by encrypting = with the
session key y. Upon decrypting message (3) to reveal x, Bob concludes that
Alice is a member of P. Authenticated communication between Alice and Bob
may now begin.

Alice may later wish to prove that it was she who was authenticated in this
transaction. We show in Appendix A how Alice may request a receipt for this
transaction. With such a receipt in hand, Alice may, at any point in the future,
prove the transaction was hers.

5.2 Satisfying the Requirements

Secrecy ensures that only members of P can decode e to learn x. Security is
therefore maintained because an individual is authenticated only when she can
prove knowledge of z. By requiring that Bob be a member of P we prevent
Bob from staging a man in the middle attack in which he uses Alice to decode
a verifiably common secret encoding that he would not otherwise be able to
decode.

Commonality guarantees that any member of P can decode e and will learn
the same value x that any other member would learn by decoding e. If Alice is
certain that e exhibits commonality, it follows that by using = to authenticate
her membership, she reveals nothing more than that she is a member of P.

Alice Bob

{Y}pros

E, [{ENCODE(z, P)}s,,,]

Ey [x]

Fig. 1. An Elementary Anonymous Authentication Transaction
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Verifiability is required so that Alice may prove for herself that the encoding
e exhibits commonality, even though she did not create this encoding. Thus,
by sending message (3) only when VERIFY() returns true, Alice ensures that
her authentication will be both anonymous and unlinkable. If Bob should be
malicious and attempt to construct e in a way that would allow him to discover
Alice’s identity from her decoding of e, verification will fail. Alice will halt the
transaction before she decodes e. Since message (2) must be signed by Bob,
Alice can use the signed invalid encoding as proof of Bob’s failure to follow the
protocol.

The authentication transaction appears the same regardless of which member
of P was authenticated. As a result, even an otherwise omniscient adversary can-
not learn which member of P was authenticated by inspecting the transaction.
Thus, even if Alice’s key is compromised before authentication, the transac-
tion remains anonymous and unlinkable. We call this property perfect forward
anonymsity.

6 Key Replacement

In the protocol above, Alice uses a single key pair (p,s) to represent both her
identity and her membership in the group. Because she uses the same key pair
for both functions, an adversary who compromises her secret key s can not only
authenticate himself as a member of P, but can also pose as Alice in any other
protocol that uses s. Ideally, compromising the key used in the authentication
process should not compromise Alice’s identity. By using two key pairs, one to
represent her identity and one for authentication, Alice significantly reduces the
potential for damage should she lose her authentication key. Using two key pairs
for the two separate functions also enables Alice to replace a lost authentication
key.

We continue to use the pair (p,s) to identify an individual. Each member of
P now generates an authentication key pair (p’,s’) for each group in which she
is a member. Because of the severe consequences of losing s, we assume that s
is kept well guarded. Because only s’ will be needed during the authentication
transaction, we only consider the case where an authentication key s’, not an
identity key s, is lost or compromised. When s’ is lost or compromised, the
individual can disable the key and obtain a replacement by conferring only with
the authenticator.

In order to validate her public authentication key p’, each member uses her
secret identity key s to sign a certificate ¢ = {p’}s. This certificate can be opened
to reveal the public authentication key as follows: {c}p = {{p'}s}p =P’

To initialize the system, all members of P send their certificates to Bob.
Bob collects all the certificates to form the set C. The set of public authenti-
cation keys, P’ can then be generated by opening each certificate in C: P/ =

{{eitp, 1 ci € Ch
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6.1 Modifications to the Authentication Protocol

The only modification to the authentication protocol is to require Bob to add
the set of certificates C to message (2). The augmented message will be labeled
(2a):

Alice Bob

Ey [{Cv ENCODE(Ia P/)}Sbob]

(2a)

JFrom the set of certificates C and public identity keys P, Alice computes P’
using the technique shown above. She then verifies e using VERIFY(e, 8’ gjice, P').
If the encoding exhibits commonality, Alice learns x from DECODE(e, 8’ 4iice, P’).

6.2 The Key Replacement Transaction

If Alice believes her secret authentication key has been compromised, she simply
generates a new authentication key pair, creates a certificate for the new public
authentication key, and sends that certificate to Bob. Bob returns a signed receipt
to Alice acknowledging the new certificate. Since we assume that Bob acts to
maintain security, we expect him to use Alice’s new certificate and authentication
key.?

7 Dynamic Group Membership

We now describe how a trusted third party, Trent, may be given sole responsi-
bility for maintaining the set of certificates C. To this end, Alice requires that
any C used by Bob be signed by Trent. During the authentication transaction,
message (2a) is replaced by message (2b):

Alice Bob

Ey [{{C}Strﬁnt ) ENCODE(Iv P/)}Sbob]

(2b)

If Alice is to be granted membership in P, she generates an authentication
key pair, creates the certificate cgiice, and sends it to Trent who updates C and
distributes a signed copy to Bob. To remove Alice from P, and thereby prevent
her from being authenticated, Trent simply removes Alice’s certificate cqjice from
C and dist ributes a signed copy to Bob. In both cases, Bob and other members
of P can compute the new P’ using P and the new set of certificates C.

2 Even if Bob fails to use the new certificate, Alice can either proceed using her old key
(in the case that it was compromised and not lost) or can use the signed message (2a)
as proof of Bob’s failure to use the new certificate.
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8 Constructing Verifiably Common Secret Encodings

We use public-key cryptography to construct verifiably common secret encodings
that we call VCS vectors. Assuming that M; represents the set of messages that
can be encrypted by a public key p; € P, the set of messages that can be encoded
as a VCS vector for group P is M = | M;.

A VCS vector encodes a value x as follows:

e« {z}p,, {z}ps, -+, {z}p,] where n = |P|

Encoding, decoding, and verifying VCS vectors can be performed by the
following three functions:

ENCODE(z, P):

[{x}Pu {x}pzv e .7{$}pn] reM
e%{u rg¢ M

DECODE (e, s;, P): x « {elil}s,

VERIFY(e,s;, P): isCommon < e = ENCODE(DECODE(e, s;, P), P)

When using VCS vectors, secrecy holds only if x is not revealed when en-
crypted multiple times with different public keys. This is not true of RSA with
small exponents or Rabin [13,14,8]. For this reason, caution must be exercised
when selecting a public-key encryption technique.

Commonality holds because any secret key corresponding to a key in P can
be used to decode e to learn z. Decrypting e [i] with s; yields the same secret x
for all 4.

Any member of P can use DECODE() to learn z from e and then re-encode
x using ENCODE() to obtain a valid encoding of . Because ENCODE() generates
a valid encoding, commonality will hold for this re-encoded vector. If the re-
encoded vector equals the original vector e, then e must also satisfy commonal-
ity. Hence, as long as ENCODE() is deterministic,® we can verify the commonality
of any encoding e. Consequently, verifiability is satisfied.

That the VERIFY() operation can be expressed as a simple composition of
the ENCODE() and DECODE() operations is a general statement, independent
of how we construct our verifiably common secret encodings. For this reason,
if we can construct ENCODE() and DECODE() operations for which commonality
holds, verifiability becomes automatic. Thus, we can replace our implementation-
specific definition of VERIFY() with a general definition:

VERIFY (e, s, P): isCommon <— e = ENCODE(DECODE(e, s, P), P)

% Probabilistic encryption [12,2] may still be used under the random oracle model. We
simply make the ENCODE() function deterministic by using its first input parameter,
the secret z, to seed the pseudo-random number generator with O(z).
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9 Making Anonymous Authentication Scalable

The number of entries in a VCS vector grows linearly with the number of mem-
bers of P, as does the time required to generate, transmit, and verify the entries.
This growth could make anonymous authentication impractical for very large
dynamic groups.

We can address this issue by authenticating using subsets of P. Individuals
will now remain anonymous and unlinkable only among the members of their
subset rather than among all members of P. Because membership in a subset
of P implies membership in P, security is not affected. We propose two ways of
assigning subsets: random generation of single-use subsets during each authen-
tication transaction and the use of a static assignment algorithm.

9.1 Single-Use Subsets

During each authentication transaction, Alice selects a subset of P at random.
To ensure her membership, Alice augments the subset to include herself. She
sends this subset to Bob when requesting authentication. Alice and Bob then
use this subset in place of P for the remainder of the protocol.

Alice picks her subset of P at the time she initiates the authentication trans-
action. If she has limited long-term storage, she can select the subset by picking
keys in P by their indices. She then requests keys in P from Bob by index at the
start of the authentication transaction. To prevent Bob from sending fraudulent
identity keys, Alice maintains a hash tree of the keys or their fingerprints.

Alice must be cautious when using single-use subsets. If external circum-
stances link two or more transactions, Alice is anonymous only among the in-
tersection of the subsets used for authentication.

9.2 Statically Assigned Subsets

Subsets may also be assigned by a static algorithm such that each member of P
is always assigned to the same subset P; C P where | JP; = P. These subsets
may change only when members are added or removed from P. As above, Alice
uses P, wherever she previously would have used P.

Even if Trent picks the subsets, he may do so in a way that unwittingly
weakens anonymity or unlinkability. Using a one-way hash function, preferably
generated randomly before the membership is known, ensures that no party can
manipulate the assignment of individuals to subsets.

10 Related Work

Chaum assumes that institutions collect information about individuals who use
those institutions’ systems [5]. He therefore proposes that individuals use dif-
ferent pseudonyms when conducting transactions with different institutions to
prevent those institutions from sharing information and linking user profiles
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together. This fails to protect those whose right to use a system comes from
a pre-existing relationship in which their identity is already known. Moreover,
Chaum'’s approach does not provide unlinkability, leaving open the possibility
an individual might reveal her identity through behaviors that can be profiled.

Group signatures schemes [3,7] give an individual the ability to anonymously
sign messages on behalf of a group. Kilian and Petrank [15] exploit these signa-
tures to create a scheme for identity escrow. Identity escrow provides anonymous
authentication, though an individual’s anonymity can be revoked by a trusted
third party. While individuals may be added to the signature groups, no provi-
sion is made for removing members from these groups. Thus, group signatures in
their current form are not a sufficient primitive for anonymously authenticating
membership in dynamic groups.

Anonymous identification was first addressed as an application of witness
hiding in zero knowledge proof systems [11,9]. The most efficient such scheme,
recently presented by De Santis et al. [10] in their paper on anonymous group
identification, relies on the assumption that factoring Blum integers is hard.
While the extension of the protocol into a full system that supports key replace-
ment and dynamic groups is not explicitely addressed by the authors, such an
extension is trivial.

For a group of n individuals and an m bit Blum integer, an instance of
the De Santis et al. proof requires communication complexity (2m + n), and
rejects a non-member with probability % Thus, to authenticate an individual’s

membership with certainty 1 — (%)d, (2m + n) - d bits of communication are
required. This would appear to approach a lower bound for such a zero knowledge
proof system.

When implementing our current protocol using VCS vectors with k bit en-
cryptions, identification requires n - m bits of communication. The security of
the protocol relies on the existence of a public-key function that may securely
encode the same plaintext in multiple messages with distinct keys. If the group
size n exceeds ii_‘fi, then the proof system of De Santis et al. requires less com-
munication.

It is not clear that VCS vectors approach the lower bound for the size of a
verifiably common secret encoding. A better encoding would require a change
in cryptographic assumptions, but would have the potential of improving the
efficiency of anonymous authentication protocols beyond that which is possible
using zero knowledge proof systems.

Syverson et al. [18] introduce a protocol for unlinkable serial transactions
using Chaum’s notion of blinding [6]. The protocol is designed for commercial
pay-per-use services and relies upon the possibility that any particular service
request may be forcibly audited. An audit requires the individual to reveal her
identity or risk losing future service. After passing an audit, the individual must
make another request before receiving the service originally requested. If requests
are infrequent, she may have to wait a significant amount of time before making
the second request lest the two requests become linked. This system does not
provide adequate anonymity if the timing of any request indicates its nature,
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as audits can be made at any time. The system also cannot guarantee that a
revoked individual does not receive service, as that individual may still make a
request that is not audited.

11 Conclusion

Anonymous authentication is an essential ingredient in a new domain of services
in the field of electronic commerce and communication. Real world systems re-
quire dynamic group membership and key replacement.

In this paper we have shown how verifiably common secret encodings may
be used to anonymously authenticate membership in dynamic groups. We have
also shown how to replace keys in these authentication systems. We presented
VCS vectors as an example of how verifiably common secret encodings can be
constructed. Because the size of of our construct grows linearly with the size of
the group P, we described how to authenticate membership using subsets of P.
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Obtaining Proof of Authentication

Alice may obtain a receipt from Bob proving that she was authenticated at time
t. To obtain such a receipt, Alice chooses a random z and uses a one-way hash
function h to generate @ < h ({z}s,,;..) and R < h(z). Alice includes @Q and R
in message (3a):

Alice Bob

Ey [l‘v Q7 R]

(3a)

Bob can issue a receipt when he authenticates Alice. The receipt he sends is:
{“@Q and R reveal whom I authenticated at time ¢”}s,_,

If she chooses, Alice can at any later time prove she was authenticated by Bob

by revealing the receipt and the value {z}s,,,... Anyone can verify the receipt by
checking that @ = h({z}salice) and R=h ({{Z}salice }palice)'
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Abstract. Group signatures allow any member of a potentially large
group to sign on behalf of the group. Group signatures are anonymous
and unlinkable for everyone with the exception of a designated group
manager who can co-relate signatures and reveal the identity of the ac-
tual signer. At the same time, no one (including a group manager) can
misattribute a valid group signature. Group signatures are claimed to
have many practical applications in e-commerce as well as in military
and legal fields.

Despite some interesting and eclectic results, group signatures remain
confined to academic literature. The focus of this paper is two-fold. First,
it discusses certain issues that stand in the way of practical applications
of group signatures and uses the example of on recent group signature
scheme to illustrate certain problems. Second, this paper (informally)
introduces some practical security services that can be constructed us-
ing any group signature scheme. Sample realizations of these services are
provided.

Keywords: Public-key Cryptography, Digital Signatures, Group Sig-
natures, Multi-Group Signatures, Sub-Group Signatures, Coalition At-
tacks, Revocation.

1 Introduction

Digital signatures are rapidly becoming ubiquitous in many aspects of electronic
life. They are used to obtain security services such as authentication, data in-
tegrity and non-repudiation. Group digital signatures are a relatively new con-
cept introduced by Chaum and Van Heyst in 1991 [6]. A group signature — similar
to its traditional counterpart — allows a signer to demonstrate knowledge of a
secret with respect to a specific document. It is also publicly verifiable: anyone
in possession of a group public key can validate a group signature. However,
group signatures are anonymous in that, no one, with the sole exception of a
designated group manager, can discover the identity of the signer. Furthermore,
group signatures are unlinkable which makes it computationally hard to establish
whether or not multiple signatures are produced by the same group member. In
exceptional cases (such as a legal dispute) any group signature can be “opened”
by the group manager to reveal unambiguously the identity of the actual signer.
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At the same time, no one (including the group manager) can misattribute a valid
group signature.

The salient features of group signatures make them attractive for many spe-
cialized applications such as voting and bidding. More generally, group signa-
tures can be used to conceal organizational structures, e.g,, when a company
or a government agency issues a signed statement. They can also be integrated
with electronic currency mechanisms (as blind group signatures) [8] to provide
both anonymity and untraceability of currency issuers.

Despite appealing features and interesting research papers, group signatures
remain in the domain of theoretical results. To this end, the purpose of this
paper is twofold. First, we briefly review the state of the field and try to examine
certain issues that hinder wider acceptance and use of group signatures. Second,
we discuss and demonstrate some practical services that can be built on top of
group signature schemes.

The paper is organized as follows. Next two sections summarize basic prop-
erties and features of group signatures and provide a brief overview of previous
work. Then, Section 4 discusses some open issues and, to illustrate the point,
Section 6 presents a weakness in a recently proposed scheme. Sections 7-9 intro-
duce two new services built upon secure group signatures and sketch out example
schemes.

2 Preliminaries

We begin with a definition of group signatures.

Definition 1. A group signature scheme is a digital signature scheme com-
prised of the following procedures:

— SETUP an algorithm for generating the initial group public key Y and a group
secret key S.

— JOIN a protocol between the group manager and a user that results in the
user becoming a new group member.

— SIGN a protocol between a group member and a user whereby a group signa-
ture on a user-supplied message is computed by the group member.

— VERIFY an algorithm for establishing the validity of a group signature given
a group public key and a signed message.

— OPEN an algorithm that, given a signed message and a group secret key,
determines the identity of the signer.

A group signature scheme must satisfy the following security properties:

— Unforgeability. Only group members are able to sign messages on behalf
of the group.

— Anonymity. Given a signature, identifying the actual signer is computa-
tionally hard for everyone but the group manager.

— Unlinkability. Deciding whether two different signatures were computed
by the same group member is computationally hard.
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— Exculpability. Neither a group member nor the group manager can sign
on behalf of other group members.!

— Traceability. The group manager is able to open a signature and identify
the actual signer; moreover, a signer cannot prevent the opening of a valid
signature.

— Coalition-Resistance. A colluding subset of group members cannot gen-
erate valid group signatures that cannot be traced.

The efficiency of a group signature scheme is typically based on the following
parameters:

— The size of the group public key ).

— The size of a group signature.

The efficiency of SIGN and VERIFY.

The efficiency of SETUP, OPEN and JOIN.

3 Previous Work

The concept of group signatures was introduced and realized by Chaum and Van
Heist in 1991 [6]. They proposed four schemes of which three provide computa-
tional anonymity whereas the fourth provides information-theoretic anonymity.
Some of schemes do not allow a group manager to add group members after the
initial setup. Others require the group manager to contact each member in order
to open a signature, i.e., to reveal the identity of the signer.

A number of improvements and enhancements followed the initial work. Some
notable results are due to Chen/Pedersen [7], Camenisch [3], Petersen [9] and
Camenisch/Stadler [4]. In [7], two schemes were proposed providing information
theoretic and computational anonymity, respectively. Unfortunately, the pro-
posed scheme allows the group manager to misattribute a signature, i.e., falsely
accuse a group member of having signed a message.

In [3] an efficient group signature scheme was presented, providing compu-
tational anonymity, ability to add (or remove) group members after the initial
setup, and the possibility of being generalized by allowing authorized set of group
members to sign collectively (appearing to verifiers as a single signer) on behalf
of the group. This scheme can be extended to allow the functionality of the group
manager to be shared among several entities. The drawbacks include the size of
the public key and the signature size (both proportional to group size).

As also noted in [4], most previous results exhibit some or all of the following
shortcomings:

1. The size of the group public key depends on the size of the group.
2. The length of a group signature depends on the size of the group.

! Note that the above does not preclude the group manager from creating fraudulent
signers (i.e., nonexistent group members) and then producing group signatures.
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3. New member addition requires restarting the entire system or involves re-
issuing all members’ keys and changing the group public key.

4. Exclusion/revocation of group members requires re-issuing all members’ keys
and changing the group public key.

The state-of-the-art in the field is exemplified by the recent result of Camenisch
and Stadler [4]. It addresses the first three of the above issues; albeit, at signif-
icant cost. The basic scheme (referred hereafter as CS97), while quite elegant,
involves costly computation and reliance on new problems conjectured to be
computationally difficult to solve. (One such problem is the difficulty of com-
puting double discrete logarithms in finite groups. Another — the difficulty of
computing roots of discrete logarithms.) Nonetheless, CS97 is, in principle, sim-
ple and appealing in that the group public key and the group signature are both
of constant size. The computational complexity of SIGN and VERIFY are also
independent of group size.

4 What Stands in the Way?

Schemes such as CS97 make group signatures more attractive and bring the
entire concept closer to practice. While there is still no single killer app, a number
of applications can be envisaged for group signatures. Examples include:

Government, military and commercial press releases

— Email messages in anonymous support groups

— Electronic cash (with banks forming a cash-issuing group)

— Issuance of stock, bond and other financial reports

— Voting applications

Document signing by certified (but anonymous) professionals, e.g., lawyers,
notaries public, auditors, etc.

There remain, however, some bothersome issues that stand in the way of real-
world applications and deployments of group signatures. In this paper we con-
centrate on two that we believe to be the most important:

— Security against coalitions
— Member deletion (revocation) complexity

The first problem is straight-forward. If a scheme is vulnerable to coalition at-
tacks, its utility is limited to environments where member collusion is not a
threat. Although such environments might exist?, in general, coalition resistance
must be provable. This is, unfortunately, not achieved by any existing scheme.
In order to better illustrate this point, in Section 6 we present a coalition-related
weakness in a recently proposed group signature scheme.

The second problem is more subtle. It is related to the notoriously difficult
task of credential revocation in regular (non-group) public key signature schemes.
However, as discussed below, revocation in the context of group signatures is a
more complicated problem.

2 For instance, electronic lotteries.
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5 Member Deletion

One intuitive and seemingly effective way to delete group members is via Cer-
tificate Revocation Lists (CRLs). A group manager periodically issues a new
CRL wherein each entry identifies a group member (or a specific group certifi-
cate) whose membership has been revoked. There are many ways to generate
and distribute CRLs. Unfortunately, the CRL approach is unsuitable for group
signatures for the following reasons:

— Since group signatures are anonymous and unlinkable, how can the group
manager “identify” a deleted member?

— If the group manager reveals certain (hereto secret) values corresponding to
a deleted member, can the anonymity and unlinkability of past signatures
of the said member be preserved?

The last item is probably the most important issue in member deletion. The
preservation of security of past signatures after deletion is reminiscent of Perfect
Forward Secrecy (PFS), a property often sought in key distribution protocols.
If a member leaves the group voluntarily or a member is excluded for some
administrative reason (such as a job promotion) there is nothing to gain (and
much to loose) in sacrificing the security of past signatures.

However, in some cases, PFS is not desirable. For instance, suppose that
a malicious member of a stock brokerage firm has been detected. It is surely
beneficial — in the process of deletion — to inform all potential verifiers (clients)
who might hold old signatures by the crooked broker.

A more interesting scenario is the compromise of a member’s secrets. Suppose
that a member’s group certificate and/or group private key are inadvertently di-
vulged. The group manager faces a real problem: to reveal this member’s secrets
means that all of its past signatures can be linked! Since there is no reason to
doubt the validity of past signatures (the deleted member was not malicious)
sacrificing unlinkability is clearly undesirable.

Another member deletion tactic is to change the group public key. After gen-
erating the new group public key, the group manager simply issues a new set of
membership certificates to all remaining members while the rest are automati-
cally excluded. This is an acceptable solution for small and stable groups. In large
groups (e.g., lawyers in the state of California) this approach is unworkable due
to frequent membership changes (e.g., lawyers being disbar-ed), the computa-
tional expense of re-issuing membership certificates and change notifications for
all remaining members. Also, we assumed thus far that a member’s new certifi-
cate can be issued unilaterally (off-line) by the group manager. However, some
schemes may require interaction as part of repeated certificate issuance. (Ini-
tial certificate issuance always requires interaction). This complicates member
deletion even further.

In summary, we have only scratched the surface of the member deletion prob-
lem. Since it appears that no proposed group signature scheme adequately ad-
dresses it, efficient and secure member deletion remains a pressing and interesting
open problem.
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6 Coalition Resistance: Quasi-Attacks on CS97

Many ground-breaking cryptographic protocols are based on new number theo-
retic assumptions. There are two ways to invalidate these assumptions. One is
by proving that they are false, the other — by proving that they are unsuitable
for a specific protocol. The latter is the case with one of the assumptions under-
lying the Camenisch and Stadler’s CS97 group signature scheme [4]. We briefly
present some attacks on CS97 and then propose some simple ways of preventing
them.

Remark 1. The following text describes two attack scenarios. It is necessary to
stress that these are not all-out attacks that really break the scheme. Instead,
we refer to them as quasi-attacks (for lack of better term) that exploit or break
only one specific assumption.

A coalition attack occurs when a subset of group members pool together their
secrets and generate perfectly valid group signatures. Such signatures have the
property that even the group manager is unable to open them. The coalition
resistance of Camenisch-Stadler protocol [4] is based on the following number-
theoretic assumption:

Let n and e be RSA-like parameters and a € Z;, an element of large
multiplicative order both the factors of n such that computing the dis-
crete logarithms to the base a is infeasible. It is hard to compute a pair
(z,v) of integers such that

v*=1+a* modn

holds, if factorization of n is unknown. Furthermore, this is true even
when other pairs (2/,v"), satisfying the above equation, are known.

Loosely speaking, given one or more group certificate of the form (a® + 1)¢,
where d- e = 1 mod ¢(n), it should be hard to generate a new valid group
certificate without the aid of the group manager.

However, consider the following special cases. Let (a” +1)¢ be a valid group
certificate. It can be re-written as (a” + 1) = a®(1 +a~*)%. Now, suppose that
x = ke for some integer k, so that a®@(1 + a=*)¢ = a*(1 + a=®)¢. Obviously,
multiplying it by the inverse of a* mod n we get the new certificate (1 + a=%)%.
This attack allows a single group member to produce a valid and untraceable
signature.

This attack can be trivially prevented, for example, by requiring the group
member to prove that z is relatively prime with e (i.e. ged(x,e)=1) without
revealing x itself. However, as we now demonstrate, it is possible to generate a
valid group certificate even when x is a generic value, e.g., if ged(z,e)=1.
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1. The first member registers and obtains a certificate A=(a® + 1) =
azd(l +a—z)d.

2. The second member then registers a~® and obtains B = (a=® + 1) as its
certificate.

3. They compute the inverse of B modulo n (using Euler’s algorithm) and
multiply it by A. The end-result is that two colluding members obtain the
value a®® = A- B~! = a®¥(1 4+ a= %) (1 + a=*)~¢ mod n.

Remark 2. Possession of this value is dangerous: colluding members can take
different strategies to generate a new group certificate. For instance, the value

a®® can be exponentiated with a random ¢, obtaining a°®® and its inverse

a~*4 mod n.

4. Then, a third group member registers a“® and obtains (a®® + 1)¢ as its
certificate. Multiplying (a® + 1)% by a=“*? yields a new and untraceable
certificate (a=°* + 1)? (in fact, (a®® + 1)4 -a=2? = (a**=¢% 4 g=®)4). Tt is
also possible to generalize this strategy.

A simple way to prevent this kind of attack is to substitute 1 in the certificate
structure (a® + 1)? with a random value ¢ resulting in (a® + t)? as the new
certificate form.® The scheme must be modified slightly in order to work with
this new certificate form but the extra cost is a single exponentiation. Another
simple fix, not mutually exclusive with the above, is to randomize (or ”salt”)
the new member’s membership key (and certificate) as part of JOIN.

However, we cannot prove that the proposed fixes result in a secure form
of membership certificates, i.e., that coalition attacks are, in fact, infeasible.
We only showed that 1, as a redundancy factor, is a wrong choice for the CS97
scheme. However, we would like to propose a new challenge with this new certifi-
cate’s form, i.e. (a® +t)% where ¢ is a random value and x is the group member’s
secret exponent randomized by the group manager. In the rest of the paper we
will make use of this modified CS97 scheme.

7 Multi-group Signatures

Thus far, we discussed some outstanding issues that block wider acceptance and
use of group signatures. Lest the overall theme of this paper appear downbeat,
we now switch gears and turn to “new and exciting” uses and extensions of group
signatures.

One novel and practical service that can be built using group signatures
as a primitive is multi-group signatures. (Not to be confused with so-called
multi-signatures [1].)

Informally, we define a multi-group signature (MGS) as a set of regular group
signatures generated by the same entity (signer) who is a member of multiple
groups. For example, a user belonging to two groups A and B may have a reason

3 This has been also suggested by J. Camenisch (via private communication).
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to sign something as a member of both groups. The need for such signatures may
arise in real-life situations as illustrated in the following (admittedly somewhat
contrived) examples:

1. A financial (e.g., loan) contract may need to be signed by an authorized loan
officer of a bank and by a notary public. If the same person is a member of
both groups (loan officers and notaries public) s/he can sign the document
with a multi-group signature.

2. A republican senator (anonymously) releasing a statement to the media
needs to assure the public that s/he is, in fact, a member of the senate
and a republican party member. This can be achieved with a double-group
signature.

3. An expert witness testifying in court (or in congress) who is afraid of ret-
ribution may need, nonetheless, to convince the public that s/he is, say, a
medical doctor and an officer (of a certain rank) in the armed forces. Once
again, a double-group signature is appropriate.

4. A person submitting a formal peer complaint to a state judicial review panel
might have to sign the complaint text simultaneously as a: 1) US citizen, ii)
resident of that state and, iii) member of the bar. This requires a triple-group
signature.

An interesting property required of MGS is the ability to link the individual
group signatures comprising an MGS. In other words, it must be evident that
the same signer produced each single-group signature which is part of an MGS.

At first, this might seem both counter-intuitive and counter-productive. Re-
call that one of the basic tenets of group signatures is unlinkability, i.e., the
computational difficulty of establishing whether two distinct group signatures
were produced by the same group member. However, we observe that the prop-
erty we seek is linkability of group signatures across different groups rather
than linkability of different signatures within a group. Thus, the desired property
is not inherently in conflict with traditional group signatures.

We note that, in all other respects, an MGS scheme must have the same
properties as a regular group signature scheme.

Now, whether an MGS scheme can be built out of existing group signature
schemes is an entirely separate issue. We have considered several group signature
schemes from the literature. Some are not easily converted, e.g., [3]. However,
at least one scheme, CS97 [4], can be used as building block for a secure MGS
scheme.

8 MGS Example

We begin with a short overview of the CS97 basic scheme, modified as shown in
section 6.

The scheme is premised on two important building blocks: proofs (signatures)
of knowledge of double discrete logarithms (SKLOGLOG) and signatures of
knowledge of roots of discrete logarithms (SKROOTLOG). SKLOGLOG entails,
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given d, demonstrating knowledge of log,(log, d). SKROOTLOG entails, given
¢, and e demonstrating knowledge of (log.c)'/¢ where (e,d = 1/e) is an RSA
key-pair.

As part of setup, GRMGR selects the following values:

— an RSA public-key parameter n = pq for two large primes p, ¢ and an RSA
key-pair (e,d) e- d = lmod n.

— a cyclic group G =< g > of order n where computing discrete logarithms is
infeasible.

— an element a € Z;, of large multiplicative order modulo both p and q.

— some other parameters not relevant to the ensuing discussion.

A prospective group member can join the group by selecting a random value
x1 randomized by GRMGR resulting in the secret x (known only by the group
member), computing y = a*mod n and z = ¢g¥. Upon sending y to GRMGR and
proving knowledge of x, the member is issued a certificate: (y + t)<.

A group signature over a message m is defined in CS97 as a tuple
<m, g, z, V1, Vo > where:

— m is the message to be signed
—g:=g" forr ep Z)

— Z = gy

— V4 :=SKLOGLOG[z : z= g “1(m
— V5 := SKROOTLOG[v : zg* = g"|(m) for v = (y + t)?

To verify a group signature, it is sufficient to check V7 and V5. We do not elab-
orate on other details/features of the scheme (such as the OPEN procedure) or
its security properties as they are not germane to our discussion.

To further illustrate the MGS concept, we consider the specific case of double-
group signatures; the technique can be trivially extended to n-group signatures.
Suppose that the same group manager is used for both groups G; and Gs.
(This is not an inherent requirement but it simplifies the example.) The setup
procedure is almost the same as in CS97, i.e., GRMGR picks n, G =< g >, a and
other parameters as above. These values are common for both groups. However,
GRMGR selects different public key-pairs: (e1, e ") and (eq, e5 ) for G1 and G,
respectively.

The JOIN procedure is largely the same as in CS97 except that a member
who joins both groups (and is interested in computing MGSs) must use the same
secret value x in both registrations*: y; = y» = a®mod n. The two respective
membership certificates are: v; = (y + )% and vy = (y + )%

To produce an MGS (a double-group signature, in this case) a member of
both groups constructs a tuple < m, SIG1, SIGs, V3 > where:

— m is the message being signed.
- SI1Gy =< g1, %1, V1,1, V2,1 > is a single-group signature of message m where:
— SI1Gy =< go, 22, V1,2, Va2 > is also a single-group signature of m where:

4 There does not appear to be any security risk in doing this.
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— V3 = SKEQLOG(z1, g1, 22, g2) is a signature of knowledge of equality of two
discrete logarithms (of Z; and %) with two different bases ¢; and g». More
generally, SKEQLOG denotes a non-interactive proof of logg; 21 = logg, Z2.
One efficient technique for constructing SKEQLOG is due to Chaum and
Pedersen [5]°.

As in CS97, V11 and Vi 2 each demonstrate knowledge of the secret z, i.e.,
double-discrete logarithm of z; and 23, respectively (which is z in both cases).
V2.1 and V3 5 demonstrate knowledge of e1-th (and es-th) roots of discrete loga-
rithm of b, (and bs), i.e., possession of membership certificates of groups G; and
G. Finally, V3 demonstrates equality of two discrete logarithms (27 and z2) with
two different bases (g1 and g2). The last step is crucial to ”linking” the two sig-
natures since it asserts that the same y is used in both signatures. Consequently,
the same secret z is used in both signatures (since y = a®.)

It appears that no reduction in security is incurred by using this MGS con-
struct. (Assuming, of course, that the underlying CS97 basic scheme is itself
secure.) In particular, the OPEN procedure remains the same and MGSs remain
unlinkable much like their single-group counterparts.

A potential concern with the above extension is its relative inefficiency. since
a generalized i-group MGS involves computing ¢ regular single-group signatures
and (i — 1) SKEQLOG-s. However, most expensive constructs are SKROOT-
LOGs and SKLOGLOGS required by CS97.

To conclude the MGS discussion, we need to point out that there is no
compulsion to use the same group manager for MGS. In the CS97-based example
above, the group public key is:

Y =[n,< g >,a,e,other parameters]

If two groups are managed separately, the two managers can independently com-
pute their respective group public and private keys. A member registers with the
same secret x in both groups and obtains two corresponding certificates. How-
ever, the problem arises when the member tries to prove that s/he uses the same
x in generating SIG; and SIGs. Since each group has a distinct base a, the
member has to prove equality of two double discrete logarithms.

9 Sub-group Signatures

Another interesting outgrowth of conventional group signatures is the notion of
sub-group signatures. Informally, we define a sub-group signature (SGS) as
a function of a member group GR = {M,..., M;}, a subset S C GR and a
message m as:

T ={SIG;(m)|M; € S} #T =1

® More formally, a pair (c, s) satisfying ¢ = H(m||y1||y2||a||b||a*y§||b°y$) is a Schnorr
signature of the discrete logarithm of both y;1 = a” w.r.t. the base a and y2 = b*
w.r.t. the base b, on the message m. Only the party in possession of the secret x is
able to compute the signature, if x = log,(y1) = log,(y2), by choosing a random ¢
and then computing ¢ and s as ¢ = H(m/||y1||yz||al|b]|a’||b"), s =t — cx (in Z).
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Each SIG;(m) is a normal group signature by a group member M;; for a given
M, at most one SIG, isin T.

We should stress that the notion of SGS is very different from that of coalition
group signatures as defined by Camenisch in [3]. Coalition group signatures are
indistinguishable from single-member group signatures by verifiers. Only the
group manager can (via OPEN) determine the coalition size and structure. In
contrast, in SGS the size of the signing sub-group (or coalition) must be explicit
and verifiable by anyone.

(As a sidenote, the scheme in [3] includes a method for obtaining coalition
signatures; however, the coalition structures are fixed a priori by the group man-
ager. This limits the utility of the whole concept.)

Consider the following example applications of SGS:

— A petition is circulated among members of a certain group. A number of
members (i) sign the petition and then publicly announce that ¢ members
stand behind it. Any insider or outsider is able to verify that ¢ distinct (and
anonymous) members have indeed signed the petition.

— A military order must be signed by a least ¢ ranked officers. Without expos-
ing any internal command structure, ¢ officers sign the order thus allowing
anyone to verify its validity.

— A prospective club member must be vouched for by at least n existing mem-
bers. These members must be distinct and, while n might be pre-set, there
is no upper limit on the number of vouching members. The more members
vouch, the faster the new member is admitted.

— A vote on a proposition is conducted by members of the board. Each member
is given a single vote and vote tallies must be publicly verifiable.

It is also important to point out the differences between SGS and threshold
schemes. Threshold schemes aim to partition a secret (e.g., a signature key) in a
way that allows at least a pre-determined number (threshold) of shareholders to
re-create a secret. In contrast, SGS does not involve a pre-determined threshold;
any number of group members may sign a given message. The central goal of
SGS is to demonstrate that a subset of a certain (unknown a priori) size has
signed a given message.

In addition to the security properties of regular group signatures, a SGS
scheme must feature:

— Compositional integrity: assure the verifier that all signatures comprising a
SGS have been generated by distinct signers (group members).

— SGS unlinkability: multiple SGS-s generated by the same sub-group must
be unlinkable. We note that this property does not necessarily follow from
the unlinkability of the underlying group signature scheme (the latter only
assures unlinkability of single-member signatures.)

SGS unlinkability is a natural property. Clearly, if single-member signatures
are unlinkable, so should SGS-s. Compositional integrity, on the other hand,
seems to contradict the unlinkability of regular group signatures. Recall that in
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Section 2 we defined unlinkability (in the context of regular group signatures)
as the difficulty of deciding whether two distinct signatures were generated by the
same group member. Indeed, we may need to weaken the unlinkability property
in order to achieve compositional integrity. However, we emphasize that this
should be done only for SGS; i.e., the structure of other types of group signatures
(regular, multi-group) must remain unchanged.

The feasibility of SGS schemes is illustrated by a concrete example in the
next section. Once again, we use the CS97 [4] group signature scheme as our
main building block.

10 SGS Example

The actual SGS extension is quite trivial. The SETUP, JOIN and OPEN proce-
dures are the same as in CS97. Only SIGN and VERIFY are modified slightly.

The modified SIGN procedure involves a new initial stage whereby the 14
multiple signers (sub-group members) agree on a common random, one-time
base:

g:=g" forrer Z,

In CS97, r (and, hence, g) is generated at random by one signer. In our case, r
needs to be generated collectively by the sub-group of signers. There are many
methods for doing this; one possibility is to run a group Diffie-Hellman key
agreement protocol (e.g., [2] or [10]) and, as a result, generate a common:

g:=g" where r =a"™"" "(modn)

and ¢ is the size of the sub-group and each r; is generated at random by the j-th
signer.

Having agreed on a one-time base g, each signer (M) computes a regular
CS97 group signature: SIG;(m) =< m, g,z, Vi j, Vo ; >. Pooled together, the
signatures form an SGS, T = {SIG,|0 < j < i}. Of course, redundant m and §
fields can be eliminated from 7.

The VERIFY procedure is also modified in accordance to the parameter ¢, the
size of the (claimed) sub-group. The same § must be used as a base in verifying
every signature in 7. In addition, for each SIG;(m) the verifier must check the
uniqueness of z contained therein. (An occurrence of a duplicate z within a 7
indicates a redundant signature by a given signer.)

As a more concrete example, consider a SGS with a sub-group of size two:

< m, g, SIGy, SIG, > where:

SIG; =< %, Vi;,Vai> and 5 # zfor0<i# j< 2

10.1 Security Considerations

Assuming, once again, that the underlying CS97 scheme is secure, we claim the
following:
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Lemma 1. If T is a valid SGS by sub-group S = {Mj, ..., M;} on message m,
then T has compositional integrity, i.e., anyone can verify that T is composed of
i group signatures (of message m) each generated by a distinct group member.

Proof outline: Since 7T is a valid SGS, for each constituent SIG;, Z; is unique
and all SKROOTLOG-s and SKLOGOLOG-s hold with a common base, g. Sup-
pose, by contradiction, that there exist two signatures SIG,,SIG, € T that
are actually generated by the same group (and also sub-group) member, M.
Each group member has only one certificate of the form (a® + ¢).

For SIG,, V1,, demonstrates knowledge of x, where 2z, = g“zu and Va
demonstrates knowledge of the corresponding certificate (a® + t)¢. However,
SIG,, is also a valid group signature and V; 4, Vi, demonstrate knowledge of
Tw (7 = g* ") and (a® + t)%, respectively. As M, only has one certificate,

g =Zy =G = %, which contradicts our assumption. O

Lemma 2. It is computationally difficult to decide i) whether two different and
valid SGS-s Too, Te are generated by the same sub-group or i) whether sub-groups
that produced Too, Tc have any members in common.

Proof sketch: Unlinkability of SGS-s, follows directly from the security of
CS97. Although the same random base g is used in the generation of all single-
member group signatures that form an SGS, each signer M; uses a distinct
membership key a® in computing its Z; = g* ’. The sequence:

gzgra Z1 :gT- azla---az_i :gT- o
can be viewed as a sequence of ElGamal encryptions of a fixed message ”1”
where:

— (r,g") represent the one-time private and public keys of the signing sub-group

— every ¢’ (0 < j < i) is the "public key” of a given signer, M; and a™/ is
the corresponding ”private key”.

- zZj=g" @ is the actual encryption.

Since r is unique and random for every SGS, unlinkability is achieved, however,
only outside the sub-group as discussed in the next section.

10.2 TUnlinkability Reconsidered

Having established SGS as a practical construct, we now observe that unlinka-
bility, in the context of SGS, has acquired a new dimension:

Unlinkability outside the signers’ sub-group as opposed to universal un-
linkability

The former refers to unlinkability of multiple signatures by outsiders, i.e., non-
members of the signing sub-group. Whereas, the latter means that SGS-s are
unlinkable by anyone with the sole exception of the group manager. To be more
specific, consider the following two scenarios:
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1. A sub-group M of like-minded group members (fully aware of each other’s
identities) decide to sign two documents. No one outside the sub-group
(whether group member or not) can link the two SGS-s. However, since
members of M "know” each other, they can implicitly link multiple SGS-s
that they produce.

2. All members of a large group vote on two different issues. We consider only

the YES votes. The YES-voters on the first issue, form a de facto sub-group
M and produce SGS;. Likewise, YES-voters on the second issue, form My
and produce SGSs. Since each member votes independently, the composition
of My (and M3) must be secret even to its own members. A member of
Mi (Mz) needs to know only that s/he signed and the total number of
signers.
Furthermore, if we let M3 = M; N My, then, clearly it is evident that
0 < #My < min(#M,, #M,). However, a group member M; ¢ Mi;UM,
cannot narrow #.Ms any further. Also, a group member M; € MU M,
can at most narrow #Ms; to:

1< #My < min(#Mq, #M,)

Put another way, a signer cannot be linked across multiple SGS-s
even by fellow co-signers.

It is notable that the sample SGS construct of the previous section only provides
unlikability of the first kind, i.e., multiple SGS-s can be linked but only by
common co-signers. Recall that in the initial stage of our SGS scheme, signers
agree on a common r (generated perhaps as a result of a Diffie-Hellman key
exchange). Because r is known to all signers, given:

r)axf

zj=9"" =(g
produced by some signer M;, any other signer M; can compute: (zj)F1 = (g9)*".
The latter is constant for a given M; and can thus be linked with other SGS-s
where both M; and M; are co-signers.

The above may not be a problem in some practical settings since co-signers
might choose to identify themselves to one another prior to signing (for other
reasons). On the other hand, it turns out to be easy to change our example SGS
scheme to provide universal SGS unlinkability.

We first note that there is no requirement in CS97 for a signer to know r
used to compute the one-time random base g = ¢”. This allows us to amend the
initial stage of SGS generation so that signers compute a common:

g=g" where r=ry--- ryandr; €gp Z, by M;

The differences with respect to the first SGS scheme are superficial. The same
group Difie-Hellman key agreement can be used, except that, instead of comput-
ing a common r, the signers compute a common ¢". (And, r itself is unknown.)
However, in the resulting scheme, SGS-s are unlinkable even by common so-
signers.
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10.3 Synchronous vs Asynchronous Operation

Our sample CS97-based SGS scheme assumes synchronous or on-line operation.
This is due to the nature of the initial stage: members of the signing sub-group
(co-signers) agree on a secret r which is contributed to by each co-signer. Con-
sequently, the scheme fails to address certain SGS scenarios, such as:

Suppose, once again, that members of a large and distributed group are
asked to vote. Instead of voting on-line, they are given a time window
(say, a week) to cast their votes.

In this case it is clearly impractical to conduct the initial stage as described
above. Ideally, each signer should be able to sign asynchronously, at its own
leisure. At the same time, the crucial properties of SGS must be maintained;
especially, compositional integrity.

One possible solution is to ask a trusted entity to generate a common random
base g = g" for all members who choose to sign a given message. This entity
can be the group manager who is already trusted with issuing membership cer-
tificates and generating group public and group private keys. As noted in the
previous section, signers do not need to know r; they must be assured that it
is random and fresh. It seems reasonable to trust the group manager with this
task.

More concretely, the group manager generates a one-time random base g and
commits to it by signing (it) with its own private key which is unrelated to the
group private key. Furthermore, the signed g must be associated with the specific
message to be signed. In the voting example, the group manager would generate
two signed statements (where SK,, is the group manager’s private key):

1. { YES, m=[text], g1, GROUP-ID } SK,,
2. { NO, m=(text], go, GROUP-ID } SK,,,

The advantage of this approach is the apparent lack of additional overhead
imposed by SGS: the total cost is exactly that of computing multiple CS97
group signatures. The main drawback is, of course, the involvement of a trusted
third party; whether the group manager or another trusted entity.

11 Summary

In conclusion, this paper identified some open issues in group signatures. In par-
ticular, we concentrated on two issues that, in our opinion, prevent the reduction
of group signatures to practice: lack of solid foundation (and proofs) for coalition-
resistance and the difficulty of deleting group members and, consequently, the
difficulty of re-issuing group and individual member’s keys.

In the second part of the paper we presented two new and practical services
that can be easily built on top of any group signature scheme: multi-group signa-
tures (MGS) and sub-group signatures (SGS). After analyzing their respective
security requirements, we presented sample constructs for both MGS and SGS.
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Abstract. This paper introduces the concept of an eshare, or digi-
tal stockholder certificate, which allows investors in companies to buy
and trade shares without revealing their identity or the size of their
investment. In addition, the eshare protocols presented allow for pub-
licly verifiable elections to be held with each share assigned one vote.
Dividend payments to investors are also supported, again without re-
vealing shareholder identities, even if a government taxation agency re-
quires verifiable documentation of shareholder earnings. The protocols
presented are based on certified anonymous public keys with trustee-
revocable anonymity, which may be of independent interest.

1 Introduction

In the field of cryptography there has been a continued focus on the concept
of digital currency. This has yielded numerous algorithmic techniques (most
notably [8,1], but see [32] for an extensive list) that allow the creation of a
digital equivalent of paper currency, or ecash. In addition, there have been many
proposals for protocols that allow secure voting for elections (see, for example,
[32]). This paper introduces an application encompassing both digital currency
and electronic voting (among other properties), namely digital stock certificates.

A digital stock certificate, or eshare, can be thought of as the digital equiv-
alent of a paper stock certificate. As with stock certificates, one should be able
to buy, sell, or trade eshares. Moreover, as with ecash systems, an eshare system
may also insure a measure of anonymity for both the purchaser and the seller
during trading. However, unlike ecash, eshare ownership should entitle the holder
to vote in corporate elections (one vote per share) and to receive dividends, while
assuring that the identity of the shareholder is not revealed.

There are many potential reasons why investors may wish to remain anony-
mous. With the increased use of digital information systems, investment histories

! Although Rivest [31] proposes that voting systems and payment systems are “close,”
it seems that implementing digital stock certificates directly using standard anony-
mous ecash systems does not seem appropriate (see Section 1.1).

M. Franklin (Ed.): FC’99, LNCS 1648, pp. 212-229, 1999.
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will be more easily available and investors may find themselves increasingly tar-
geted based on their past investment choices. However, anonymous investing
has the potential to exacerbate problems such as insider trading, extortion, and
money laundering. This is interesting from both technical and social perspectives.
Following along the lines of recent ecash schemes [2,34], our system addresses
these potential problems with the introduction of mechanisms to conditionally
revoke anonymity.

Currently, investors often enjoy practical anonymity through the use of in-
termediaries. For instance non-public companies sometimes have silent partners
who depend upon their associates not to reveal their identities. For public com-
panies, assuming that brokerage services and mutual funds do not disclose their
clients’ personal financial information, companies often only see aggregate infor-
mation about their current owners. Also, investment vehicles such as trusts and
holding companies can act as third-parties that anonymize the money held for
their investors. However, this paper is concerned with protocols that allow for a
stronger form of anonymity, one that preserves the important aspects of corpo-
rate stock ownership, but also insures that the identities of the shareholders are
cryptographically hidden.

1.1 Comparison to Ecash

Eshares, although similar to ecash on the surface, are used for much more than
simply holding value. Eshares must provide the ability to receive dividends from
the corporation and vote in corporate elections. In addition, these abilities must
be provided in a way that does not compromise the identity of the shareholder.

Typical anonymous ecash, based upon a bank’s blind signature on data bits,
does not seem to provide these abilities, at least not easily. One problem is how
to obtain dividends without actually having an identity. Generally, withdrawal
of ecash from a bank requires knowledge of a user’s identity, even though after
the withdrawal the information about the identity in the coin is information-
theoretically hidden. This problem is further complicated by our additional
requirement that eshares provide trustee-revocable anonymity, thus each coin
would need some (certified) relation to a true identity. Another significant prob-
lem with using conventional ecash as stock shares is enabling trading. Without
identities, at least pseudonymous identities, and thus, without authentication
of messages, it seems difficult, if not impossible, to determine who is willing to
trade shares, and at what price.

1.2 Comparison to Electronic Voting

The eshare voting scheme we present seems to be a novel problem in secure
electronic voting. Not only do we wish to not reveal the votes of the individual
participants, but we need to hide the identities of the participants themselves.
We provide a very efficient solution to this problem, which provides secure,
anonymous, and authenticated voting.
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1.3 New Techniques

Because of the differences between eshares and the related concepts of ecash and
evoting, we have had to develop some new techniques. The primary enabling
technique we use is certified anonymous public keys (CAPKs), that is, public
keys that are certified as being valid, but not (publicly) linked with any par-
ticular individual [26]. Used as pseudonyms [9,7], the anonymous public keys
are, during certification, combined with the holder’s true identity to provide
an off-line mechanism allowing for the revocability of anonymity by a trustee.
Pseudonyms have been used in previous systems but generally could be linked to
users by the certification authority [26,28], the certification authority could only
register a limited number of them [25], or they were of a restricted form [30].
(Other systems that used similar ideas to certified anonymous public keys were
[2,34,19,20,21,18,24].) In our scheme, a user may receive many pseudonyms, and
only trustees (who remain totally off-line) may revoke their anonymity. Since the
pseudonyms we use are actually public keys, and their anonymity is revocable,
they can be used in all the same ways as true public keys/identities are used. In
particular, they can be used in standard systems for communication, electronic
voting, and ecash, yet also provide anonymity.

Note that CAPKs can be considered a tool for granting anonymous power.
In some sense, standard ecash is a similar form of anonymous power. However, it
is one-time anonymous power (at least if double-spending can be detected) and
it has a rigid structure. One of the novel ways in which we use an ecash system
is to use the one-time anonymous power of ecash and bootstrap this to create
CAPK pairs, which can be used repeatedly like normal public keys.

Another novel use of anonymous ecash is to provide the ability for fair anony-
mous taxation. In particular, our protocol is designed so that a government tax
agency (like the IRS) can be sure that every anonymous investor in an corpora-
tion is correctly declaring all dividends received from their investments. However,
the tax agency gains no information about which shares are owned by which in-
vestors, even if it colludes with companies or banks. Our solution involves the
tax agency creating anonymous dividend tazx scrip that can be balanced against
investment earnings.

2 Model

2.1 Communication Model

For a formal model we use a model of anonymous communication [9] abstracted
as an Anonymous Bulletin Board (ABB). An ABB has the following properties:

open any person can read the contents of the bulletin board;

public any person may add to the contents of the bulletin board;

secure no person may delete or alter past posts or block new posts;

timely any new post will be readable by all users within a certain fixed time;
anonymous reading and posting do not require the disclosure of identity.
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Although an adversary may not block new posts, we do not discount the possi-
bility of an adversary seeing a user’s post and inserting a new post before anyone
else sees that user’s post. Thus, we do not rely on any strict timing of posts,
as in Simon [33], to guarantee security. This requires that all posts be authen-
ticated in some way or another. In our proposed protocols, both encrypted an
non-encrypted messages may be posted to the ABB. Similar anonymous channel
models have been discussed in [27,5,6,29,23,35,33,4].

For the purposes of this paper, we will assume a network that satisfies all
of the above properties. However, it is not unreasonable for this application to
consider a relaxed communication model which relies on redundancy rather than
security, such as a system built using some combination of Usenet, anonymous
web-browsing, and anonymous remailers.

In our descriptions of the protocols, frequent use of broadcast messages are
used. The format of a message is denoted as

message(x,y)

where x and y represent the message parameters. Digital signatures are denoted
with Sig,(x) and digitally signed messages are denoted as

message ,(x,y)

where s is the private key used to sign the message. A signed message can be
considered equivalent to

message(x,y, Sig,(message(x,y)))

where all components of the message are, typically hashed, and digitally signed.
A digital certification of a public key by a third party is denoted

Cert a(p, x)

where A asserts that public key p is linked to some sort of identity information
x. Certification by an authority A with a public/secret key pair (pa, s4) of can
be considered

CE?”t_A(p, l‘) = (p7 €z, SigsA (pv l‘))

where Sig,  (p,z) represents a digital signature applied to p and z using the
secret key s4. The validity of the A’s signature can be verified using

Verp , (SigSA (p, ac)) = (p,x)

using the A’s published public key.

2.2 Participants

The participants in an eshare system are given here. Note that there will be
several investors and companies.
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investor An investor Z, is a person with a certified key pair linked to their
their identity and, potentially, many associated certified anonymous public
key (CAPK) pairs.

company A corporation C that sells eshares.

bank A bank B issues ecash and maintains an account for the company to
redeem endorsed checks.

tax agency A government branch G that collects taxes on earnings, such as
dividends.

trustee A trusted entity 7, trusted not to act to reveal secret information
except under certain circumstances agreed upon by all participants, such
as evidence of wrongdoing. (The trustee may be distributed [2] but that is
beyond the scope of this paper.)

certification authority A trusted authority A who will certify identities.

2.3 Ecash

We assume the existence of an anonymous ecash scheme with trustee-revocable
anonymity, such as [14], which builds on [1,13,11], Camenisch et al. [3], or Solages
and Traoré [12].

We define one of these ecash schemes as consisting of a bank B, investors {Z;},
companies {C;}, and an offline trustee 7, each party having certified identities
or certified public keys (with their corresponding secret keys) as necessary for
the protocols to function correctly. There are three protocols:

— a protocol ¢ « Ecash-Withdraw(d) between some Z; and B in which Z;
obtains a coin ¢ of value d.

— a protocol ¢; < Ecash-Payment(c, g) between Z; and C;, with ¢ being a
coin and ¢ being some information about how ¢ is being spent (vendor, item,
date/time, etc.)? in which a spent coin cy is obtained by Cj;; and

— a protocol ¢ + Ecash-Deposit(c;,) between C; and B, with spent coin ¢

in which B obtains deposited coin ¢; and credits C; amount of d.

/
q’

Informally, the protocols must satisfy the following security requirements:

untraceability (anonymity) If ¢ was withdrawn by Z;, it is infeasible to link
¢, along with its corresponding spent and deposited coins ¢; and ¢/, to Z;.

unforgeability It is infeasible for any Z; to create a coin ¢ without participating
in a withdrawal protocol with .

double-spending detection If ¢ was withdrawn by Z; and spent twice, result-
ing in spent coins c¢j, and cj,, then the identity of the Z; can be computed
from these spent coins.

trustee traceability If ¢ was withdrawn by Z; and spent, resulting in spent
coin cj, then the identity of Z; can be computed from ¢ by the trustee 7.

2 Note that g provides the ability to direct a payment and is accomplished in schemes
based on [1] by hashing ¢ along with other required fields when generating a challenge
in the Schnorr proof.
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Above we list the more interesting security requirements, as they relate to
our system. We refer the reader to [15,11] for more complete and formal security
requirements.

3 Requirements

A digital stock certificate (eshare) system should allow buying and selling of es-
hares; payment and retrieval of dividends, with tax reporting where appropriate;
and voting, with one vote per share. Through all these protocols, the following
security requirements must be met:

anonymity It should be infeasible for anyone except the trustee to obtain the
true identity of a shareholder. (Technically, this is pseudonymity rather than
anonymity, since the shareholder has a continuous identity that interacts
with the company.)

trustee-tracing The trustee should be able to efficiently revoke anonymity of
shareholders, but should only be involved when revocation is required, and
remain off-line otherwise.

no impersonation No party should be able to impersonate shareholders.

secure voting Fach shareholder should be able to vote once per share held,
and the voting should be publicly verifiable.

taxable income verification A government tax agency should be able to ver-
ify and tax all investment income received by shareholders.

investor security An investor can detect and prove if a company has behaved
dishonestly (such as taken cash, but not issued an eshare).

company security It is infeasible for an investor to frame the company as
being dishonest if the company behaves honestly.

certificate unforgeability It is infeasible to forge certificates.

bank and merchant security The bank and merchant security properties
provided by anonymous ecash with trustee-revocable anonymity are
maintained.

4 Eshare Scheme

First we describe the basic eshare mechanism. Then we describe the different
protocols for buying and selling, voting, receiving dividends, etc.

As we have stated in the introduction, our new scheme is based upon the
use of certified anonymous public keys, or CAPKs. Formally, a CAPK is a public
key p and its associated certificate, signed by a certification authority A, that
guarantees that:

1. pz has been registered with A as the (non-anonymous) public key associated
with investor Z, and

2. the certificate contains information that could be sent to the trustee T that
would reveal the (non-anonymous) public key of Z and subsequently the true
identity of Z according to A’s registry.
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In other words, a CAPK is a certified pseudonym for Z.?> Note that even the
certification authority A cannot link a CAPK with any particular Z.

Pseudonyms are a perfect fit for an eshare scheme, since there is ongoing
communication between a company and the holder of an eshare including: vot-
ing, dividends, and associated business announcements. Pseudonyms also allow
for efficiency for purchasers of multiple shares (by using the same pseudonym).
While linkage is often a major concern in both ecash systems and cryptographic
voting protocols, there does not seem to be a reason for such concern in the
eshare setting. In any case, if potential linkage of the shares is a concern for a
particular investor, a pseudonym associated with any share can be changed as
desired, and any investor may have an arbitrarily large number of pseudonyms.
As with any pseudonymous system, investors will need to be aware of and bal-
ance their convenience against the potential for linkage whenever large blocks of
shares are held by a single CAPK during voting and trading. Investors will also
need to be aware that linkage (of CAPKS) could occur if the votes associated
with each CAPK that they own have a similar, detectable voting pattern. From
a cryptographic standpoint, such linkage does not compromise the user’s iden-
tity. However, it may make monitoring of users possible outside the framework
of the eshare system.

Investor Certification Authority

(CertA(pI,XI) ,sz) (PassA)

¢ < Ecash-Withdraw (0)

Generates (p, s)
q < Certify(p, A)
CZZ <+ Ecash-Payment (c, q)

Archi ’
rchive cg

Cert 4 (p, cfz)

Verify Cert 4 (p, c{z)

Store (cmA (p,c:z) ,s)

Fig. 1. Obtaining a Certified Anonymous Public Key Pair. The value ¢ contains
the trustee tracing information for p.

3 This may seem like a strange concept, since usually one certifies a public key in order
to link it to an identity, and here we attempt to maintain anonymity. However, a
CAPK certificate can really be thought of as linking to an “encrypted identity,” that
is, the link has a level of indirection — the identity information has to be processed
by the trustee before it can be used.



Anonymous Investing 219

4.1 Basic Scheme

A company that sells eshares will have a public database of certified public keys,
one per eshare. Each public key will be signed by the company so all can agree
on the correct and current public keys in the database. The owner of a eshare
z is the investor who knows the private key corresponding to the public key of
eshare z in the database.

Anonymity is obtained by allowing CAPKs in the database. Of course, to
prevent problems inherent in any type of system with anonymity and money,
the certificate does contain extra information that can be used so that a trustee
could determine the true owner of the public key.

Some features provided by this scheme include the ability for all investors
to verify the number of shares outstanding by consulting this public database,
and the ability for shareholders in the company to have private, authenticated
communication by means of the CAPKs.

4.2 Obtaining a Certified Anonymous Public Key Pair

A CAPK is a public key and its associated certificate signed by the certification
authority. The term CAPK pair refers to the CAPK and its associated private
key. Prospective investors, seeking to invest anonymously, can participate in the
protocol illustrated in Figure 1 to obtain a CAPK pair. We assume that there
is an anonymous ecash scheme (with trustee-revocable anonymity) run by A in
which investors withdraw zero-value “coins” from A which can only be used to
“purchase” certified pseudonyms from A.

Note that the withdrawal should be considered a preprocessing step, and
performed well before the remainder of the protocols, so as to prevent linkage of
the CAPK to the investor. Also note that the withdrawal requires authenticated
messages, which are handled with Z’s non-anonymous public key pair.

A description of the protocol follows:

1. Z withdraws a pseudonym-coin ¢ from A. This coin will allow an investor
to “purchase” a CAPK. (Note that .4 might demand payment to mint this
coin ¢, but we have not included that in our protocol.)

2. T generates a public/secret key pair (p, s), and using ¢, pays A to certify p.
The payment is directed (as discussed above) to A for the certification of p.
The result is that a spent coin c; will be produced which has information
that can be used for double-spending detection and trustee-tracing.

3. A certifies p with ¢, linking the trustee-traceability information with p.

4.3 Issuance of Eshares

The protocol to purchase a share in a company at price d using a CAPK is given
in Figure 2. (We use X to refer to the information with which the trustee could
link the anonymous public key p with the investor Z.)
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Investor c
ompany

(Cer:A(p,X),s) (pcssc)

PurchaseReq (c, d, Cert 4 (p, x))

Verify (p, Cert 4 (p, X))
PurchaseAgreement 5 (c, d, Cert_g (p, X)

Obtain coin(s) ¢ of value d
q <~ PurchaseShare(p, C)
c{z <+ Ecash-Payment (c, q)

Sign
Cert 4 (p, X)
and add to database
Deposit c{z

Fig. 2. Obtaining eshares from a company offered at price d

Note that the payment may be performed in the clear since the cash paid is
directed to C. The signed message by C, along with the transcript of the ecash

payment protocol, prevents any cheating by C.*

We stress again that while C’s signature on p indicates assignment of the
eshare, it is really the knowledge of the secret key associated with p that de-
termines the owner, since the secret key allows the shareholder to vote, receive
dividends, and sell the share. For this reason, it is important that the shareholder

carefully guard this secret key.

4 Note here that the ecash also provides a certification as to the true identity of
the shareholder with respect to the bank from which the ecash was issued. With
trustee-revocable anonymity, this provides a way for the company to obtain the true
identity if necessary. However, it seems safer and more modular to have a separate

c Investor
ompany
(v sc) (cmA<p,X>,s)
PaymentCheck s , (n, Cert g (p, X) , d)
Investor Bank
(Cert 4 (9, X) , s) (5 55)

q « PaymentCheckg (n, Cert 4 (p, X), d)

Redeems (q)

Verify and store

Cert g (p, X)
¢ < Ecash-Withdraw (d)

Fig. 3. Payment of d from Company to Shareholder

CA certifying identities.
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4.4 Payment from Company to Shareholder

In certain situations, such as quarterly dividends or share transfer, it will be nec-
essary for the company C to pay shareholder Z, while preserving the anonymity
of Z. This is accomplished quite easily in our system. The protocol is shown in
Figure 3.

To pay Z d dollars, C simply writes an electronic check for d dollars, payable
to the shareholder pseudonym Cert4(p, X). In Figure 3, the check number n is
used to prevent replay attacks, and may include other information such as an
expiration date. Then Z signs the check with s (thus endorsing it), and presents
the result to the bank, which then issues ecash using the CAPK as the “identity”
in the ecash. The bank uses the endorsed echeck to obtain the money from the
company.

Of course, the bank checks Cert 4(p, X) to verify that the owner of p may be
identified if necessary, such as if ecash associated with identity p is double-spent.
We emphasize that there is a double level of anonymity in the ecash. Peeling
off the first level will reveal p. To peel off the second level, one would need to
contact the trustee and present Cert4(p, X).

4.5 Selling/Trading of Eshares

The following protocol is designed to maintain complete anonymity, even be-
tween the buyer and seller of the eshare.®

1. Say a shareholder Z, with CAPK pair (Cert 4(ps, Xs) , Ss) wants to sell his
share. He can announce this by sending a message

ForSales,(C,d, Cert 4(ps, Xs))

indicating that he wants to sell the share associated with Cert4(ps, Xs) for
d dollars, signing it with his secret key s;.
2. Investor Ty, the buyer, with CAPK pair (Cert4(ps, Xp), sp) broadcasts

OfferPayment , (C,d’, Cert o(ps, Xs) , Cert a(py, Xs))

to purchase share Cert4(ps, Xs) for d’ dollars (which may be different from
d), signed with s;.
3. Zs can complete the agreement by sending

TradeAgreement, (C,d', Cert a(ps, Xs) , Cert a(ps, Xp))

4. C checks Cert 4(pp, Xp), and if valid, sends a message that it agrees to transfer
ownership of the share®

TransferContract,,(C,d', Cert 4(ps, Xs) , Cert a(py, X))

5 If less anonymity is required, or there is more trust between the buyer and seller,
then simpler protocols could be used.

6 Some jurisdictions may not allow a company to act as an escrow agent or broker
for their own stock. If necessary, a brokerage or other legal entity can be trivially
incorporated to perform these operations.
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5. Ty participates in a payment protocol with C, with the ecash ¢ directed to C
for purchase of the share currently assigned to Cert(ps, Xs).

6. C performs the Payment from Company to Shareholder protocol to pay Z
d’ dollars.

7. Zs deposits the money received by endorsing the check using the Payment
from Company to Shareholder protocol.

The company’s signed message and the transcript of Z,’s payment protocol
prevent the company from cheating. The signed message of Z; and the endorsed
check prevent Z, from cheating.

Note that transferral records would have to be kept for a reasonable length
of time in order to resolve disputes over eshare ownership.

4.6 Dividends

Any eshare system must have a method for paying dividends. In our system, this
is handled simply by using the Payment from Company to Shareholder protocol
above. As discussed, there is no loss of anonymity since the dividend check is
immediately cashed at a bank, and anonymous ecash is withdrawn in its place.

4.7 Voting

In previously proposed electronic voting protocols, the major issues were to guar-
antee that each person could only vote once, and that all votes were anonymous.
In an eshare scheme, each eshare is entitled to one vote (in proportion to the
investment risk) and it is required that not even the identity of who voted should
be revealed. Our eshare system is ideally suited to solve this problem.

With CAPKs, the person’s identity is decoupled from the eshare, and thus
votes can be signed and posted in the clear with no loss of anonymity! Then
all shareholders may track and total the votes themselves. Authenticity, and the
requirement of one vote per share, are both handled using signatures from the
CAPKs. Anonymity follows from the anonymity of the CAPKs.

If a sealed election is required, in which ballots are revealed only after all
the votes have been cast, a simple commitment scheme can be used, in which
commitments to votes are signed, and the commitments are revealed after the
balloting has ended.

Note also that any shareholder may send an announcement or a call-for-vote
by posting a message signed by her CAPK pair’s private key.

4.8 Withholding of Taxes

A company operating with anonymous shareholders may face substantial legal
challenges, as companies have traditionally been required to keep track of their
stockholders, mainly for tax purposes. In general, tax cannot simply be withheld
by the company, since the amount of tax that actually must be paid could
depend on many factors, including the total income of the investor. In any case,
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Investor

(cotatr. ).:)
Tax Agency

(Cm—tA(p—_,,X—_,) ,51) (pgsg)

¢ + Ecash-Withdraw (d)

Add d to Z’s income

Investor

(corear.).2)

Company
(pcssc) (UETTA(:DZ,Xz) ,51)
q + Declared(p, C)
CZ] < Ecash-Payment (c, q)
PaymcntChcck:sc ('n,, Cert 5 (p, X) , d)
Cash PaymentCheck at B
Company Tax Agency
(pc,sc) (pgrsg)

c;/ < Ecash-Deposit(c;)

Add d to C’s payments

Fig. 4. Payment of d from Company to Shareholder, with tax reporting

our eshare system will support this tax collection problem without revealing the
identities of the shareholders.

Basically, our technique is to require shareholders to reveal to the tax agency
G (e.g., the IRS) the extent of their earnings without ever revealing the source
of those earnings, while simultaneously requiring companies to prove to G that
all of the money given away in dividends is actually being reported.

In the following, we assume there is an ecash scheme run by G in which
T withdraws “coins” from §G. This corresponds to Z declaring the value of the
coins as taxable investment income. We assume this scheme is a fair off-line ecash
scheme, i.e. with detection of double-spending and trustee-revocable anonymity.
From this point on, we will call the withdrawn coins dividend taz scrip.

Say an investor wishes to collect a payment of d dollars from C, in which it

owns a share with CAPK pair (Certa(p, X), s). The following is added to the
Payment from Company to Shareholder protocol.

1. Z withdraws a dividend tax scrip coin(s) ¢ worth d dollars from G. Of course,
G records that Z has declared d dollars of investment income, which will be
used when G computes the tax owed by Z.

2. 7 anonymously pays C the dividend tax scrip ¢ directed to C for payment of
a dividend for CAPK p.
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3. The company deposits the dividend tax scrip with G to verify that the income
it is paying is actually being reported by its shareholder. Then it sends a
payment check to CAPK Cert4(p, X), which the investor can endorse and
cash at a bank, withdrawing anonymous ecash. (Note that we omit the bank
withdrawal protocol from Figure 4.7.)

The property of double-spending detection is necessary to prevent sharehold-
ers from reusing tax scrip at different companies and cheating G out of taxes.
The anonymity of the dividend tax scrip prevents G and/or C from determining
which investor is receiving the payment, thus protecting the identity of Z.

5 Security

Here we present proofs of security for the protocols above. Recall that all ecash
payments in the protocols are directed to a specific payee.

5.1 Anonymity for Z
Theorem 1. [t is infeasible to link a CAPK with an investor I.

Proof. The only linkage between an investor Z and the investor’s CAPK is
through the pseudonym-coin withdrawn from .4 and the dividend tax scrip with-
drawn from G. The anonymity then follows from the anonymity of the ecash
protocols used by A and G.

Note that the anonymity proven here inherits the limitations of anonymity in
ecash systems. For example, if there is only a single investor with a CAPK, then
there is obviously no anonymity. Also, if there are two pseudonymous investors,
one who receives a huge dividend check, and one who doesn’t, then the real
investor who buys a new Mercedes could conceivably be linked to the pseudony-
mous investor who received the huge dividend check. The problem is exacerbated
by tax reporting, since it may be possible to link investors to CAPKs by match-
ing dividends payments to tax script withdrawn by investors. This problem is
reduced when there are many investors, each with many CAPKs.

5.2 Security for A

Theorem 2. [t is infeasible to obtain a certificate for a CAPK that is not linked
to an investor who has been authorized by A to receive a CAPK.

Proof. This follows directly from the existential unforgeability of A’s signatures
(i.e. the existential unforgeability of the certificate) and the unforgeability and
trustee-tracing properties of the ecash scheme used for the pseudonym-coins.
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5.3 Security for C

Theorem 3. It is infeasible to make a ecash payment to the company that will
result in an invalid spent coin, or a dividend tax scrip payment to the company
that will result in invalid spent dividend tax scrip, without this behavior being
detected.

Proof. This follows from the security of the ecash schemes used for both normal
ecash and dividend tax scrip.

Theorem 4. It is infeasible to obtain shares or dividends not given by the com-
pany, or to frame the company for not providing dividends and/or shares that
should be given to an investor.

Proof. Both follow from the existential unforgeability of a company’s signatures.

5.4 Security for 7

Theorem 5. It is infeasible for a company to accept payment for a share and
not provide the share to an investor, without this being detected.

Proof. As in the ecash scheme, the transcript of the payment protocol can be
used to verify the share being paid for by the investor.

Theorem 6. It is infeasible for a company C or certification authority A to
frame an (anonymous) investor.

Proof. Framing is prevented by the existential unforgeability of the (anonymous)
investor’s signature, and the protection against framing provided by the ecash
schemes used for regular ecash, pseudonym-coins, or dividend tax scrip.

Theorem 7. It is infeasible for anyone except the investor T to obtain dividends
paid for shares owned by T.

Proof. This follows from the payment check being made out to Z and the un-
forgeability of the company signature.

5.5 Security of Voting

All voting security properties follow directly from the facts that the CAPKs are
anonymous, that the CAPKs corresponding to shares are publicly known and
signed by the company, and that signatures on votes (using the private keys
corresponding to the CAPKs of the shareholders) are existentially unforgeable.
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5.6 Traceability

Theorem 8. All CAPKs are trustee-traceable.

Proof. This follows from the unforgeability and trustee-traceability of the A’s
pseudonym-coins used in obtaining CAPKs, along with existential unforgeability
of A’s certificates.

5.7 Security for B and Other Merchants

The security of the bank B and other merchants follows directly from the se-
curity of the basic ecash system, as long as the CAPKs are trustee-traceable,
which is shown above. Obviously, the bank also is protected by the existential
unforgeability of a company’s signature on checks made out to investors.

5.8 Security for G

Theorem 9. G can verify all investment income paid by a company C is reported
by investors, as long as C is honest.

Proof. Assuming C is honest, C requires Z to pay dividend tax scrip correspond-
ing to all dividend income paid by C to Z. Then C deposits the dividend tax
scrip with G. By the security of ecash, G is assured that all the dividends given
by the company have been reported (i.e., there is no double spending of divi-
dend tax scrip, and no forging of dividend tax scrip). Note that in the case that
the payments of dividend tax scrip to the company are performed off-line and
double spending is attempted, then when the dividend tax scrip is eventually
deposited, the double spending will be detected, and the identity of the investor
will be revealed.

Note that we make no claims about security against a company and investor
colluding. This cryptographic approach cannot prevent a company from “doc-
toring its books,” and essentially embezzling money. This problem seems outside
the reach of a cryptographic solution.

6 Conclusion

We have introduced the problem of anonymous investing, and described a system
to support it based on anonymous digital stock certificates. Our system uses
new techniques, such as certified anonymous public keys with trustee-revocable
anonymity, and novel uses of ecash.

7 Future Work - Anonymous Markets

The protocols presented here are designed for companies that would like to
enable anonymous ownership. Capital markets involve many players and due
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consideration is needed to determine appropriate ways to extend these protocols
to incorporate the roles served by market makers and stock exchanges.

One particular challenge for eshares would be handling the reporting of cap-
ital gains. Investors are rewarded not only by dividends, but also by the appre-
ciation of a company’s share price over time. Further, capital gains taxation is
one of the most complicated areas of tax law; capital gains tax rates depend not
only on the prices of the assets but also on the total income of the owner and
the duration the investment was held. Perhaps ironically, the company is only
one party of many involved in setting the share price.

It is not hard to imagine extensions to the transfer protocol that would allow
transfer of ownership from one CAPK to another only if the seller can prove
that all capital-gains have been duly reported. However, such protocols are an
open problem and beyond the scope of this paper.

In addition, the trade protocols presented here are to demonstrate the fea-
sibility of an eshare system. It is unlikely that they would scale effectively. It
is certainly undesirable to have the owner of an eshare be required to post a
new for-sale message every time the price changes. The more general and in-
teresting problem of enabling anonymous markets, where prices are determined
anonymously, is an area of ongoing work.
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Abstract. Traditional face-to-face (English) auctions rely on the auc-
tioneer to fairly interact with bidders to accept the highest bid on be-
half of the seller. On-line auctions also require fair negotiation. However,
unlike face-to-face auctions, on-line auctions are inherently subject to
attacks because the bidders and auctioneer are not copresent. These at-
tacks include selectively blocking bids based on the bidder and amount
and selectively closing the auction after a particular bid is received.

In this paper, we present an on-line English auction in which bids are
processed fairly and the auction closes fairly without specialized trusted
parties. In particular, there is no need to trust the auctioneer to obtain
a fair outcome to the auction.

1 Introduction

The number of on-line auctions is rapidly growing. In fact, forecasts indicate
that on-line auctions and barter will generally replace conventional purchase of
set-price items in the future [4]. Currently, there are nearly one hundred on-line
auction houses [21].

A limitation on existing auctions is that bidders must trust the auctioneer
concerning a fair outcome. Without detection, the auctioneer may selectively
block bids based on the bidder and amount. Also, the bidders must trust that the
auctioneer doesn’t selectively close the auction after a particular bid is received.
An English auction ends when effectively there is a timeout interval following
the highest bid. The on-line auctions approximate this property by setting an
expiration time and allowing the auction to continue beyond the expiration time
as long as higher bids continue to be submitted within a short timeout interval.
However, whether they have a fixed expiration time or allow continued bidding,
all current on-line auctions still trust the auctioneer to be fair in enforcing this
closing time.

There are existing auction designs that provide assurance against repudia-
tion of bids and assurance of fairly closing the bidding, e.g., [5, 8]. However, these

* Work, by this author, was primarily performed at AT&T Research.

M. Franklin (Ed.): FC’99, LNCS 1648, pp. 230-240, 1999.
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auctions are sealed-bid, which may not be appropriate to all applications.! More
importantly, they involve the use of trusted auctioneers. Assurance of auction-
eers is increased by employing threshold methods so that a high percentage of
compromised trusted auctioneers is necessary to violate the assumed trust. As
noted in [7], this approach is not applicable unless the auction is run by a large
organization. “In simplistic terms, it is reasonable to expect that, say three out
of five employees (servers or server administrators) in a government organiza-
tion or zyz_megacorp will be honest. But it is different to assume that three out
of five servers deployed by the relatively small zyz_little_corp will not collude.”
It would therefore be useful to also have assurance in the necessary trust for
auctions conducted by small auction houses—or better still to remove the trust
entirely.

We present an auction design that provides for the fair close of an auction
and makes bid refusal by the auctioneer provable by bidders and others. At the
same time, there is no need for the bidders to trust the auctioneer, or vice versa.
The only trusted elements employed are ones that are currently available or in
development for independent use in the public information infrastructure. These
include public-key authorities, public notaries, and certified delivery services.

In Section 2, we present desirable properties and requirements of on-line
auctions. In Section 3, we present our basic auction design and some variants.
We also informally argue that our design meets the requirements set out in
Section 2.

2 Properties and Requirements of Auctions

2.1 Auction Types

In this paper we focus on versions of the English-type auction: bid amounts are
revealed during the auction, and bidders attempt to outbid the previous highest
bid amount.

Bid Confidentiality.

1. Open. The bid amounts are known to all bidders during the auction.
2. Sealed. The bid amounts are only known by the bidder until the auction
closes.

We will be concerned with open auctions; however, in our auctions bid
amounts are not revealed until after they are committed. We will discuss this
temporary secrecy of the bids below. Because we are concerned with open-bid
auctions, we will not consider subtleties of sealed-bid auctions. (For example,
in the auctions of [5, 8] bids are concealed even from the auctioneers until after
close. In fact in [8], even after the close of the auction, only the high bids are
ever revealed—to anyone.)

! The auction in [8] is a Vickrey-type auction, i.e., bids are sealed, and the item goes
to the highest bidder—but at the second highest price. This should mean that bid
amounts reflect the true valuations people place on the item, despite the auction
being sealed-bid. For more, cf. [8].
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Bid Cancellation.

1. Cancellation. A bidder can cancel a bid.
2. No Cancellation. A bidder can not cancel a bid.

Auction Closings. The method of closing an auction depends on whether the
auction is sealed or open.

1. Ezpiration Time (For open or sealed bid auctions). The auction closes at a
predetermined expiration time.

2. Timeout (For open bid auctions). The auction closes when no bids higher
than the current high bid are made within a predetermined timeout interval.

3. Combination of Expiration and Timeout (For open bid auctions). The auc-
tion closes when there is a timeout after the expiration time.

Identity confidentiality may also be an issue in certain lotteries. An auction
is conditionally anonymous if the bidder identity is confidential unless certain
parties agree to uncover the identity. An auction is weakly anonymous if the
bidder identity is anonymous however the identity can be uncovered with time.
For example, uncovering occurs when the auctioneer commits to receiving the
bid. Finally, an auction is profile free if the auctioneer cannot produce profiles
of the bidders (even pseudonymous profiles)[15]. Profile freedom may be with
respect to different parties such as to the auctioneer versus to other bidders.
In this version of the paper, we do not directly address forms of identity confi-
dentiality. We believe orthogonal mechanisms are available to address issues of
identity confidentiality.

2.2 Auction Requirements
Integrity.
1. Bidder Integrity. Only authorized clients can submit a bid.

The integrity of the auction is compromised if unqualified bidders are able to
make bids.

Fairness.

1. Opportunity to Out-Bid. Bidders have the opportunity to out-bid the leading
bid.

2. Non-discrimination of Bids. When committing to bids (and to the bid order),
the auctioneer cannot discriminate between bids based on the bidder or bid
amount.

3. Ordering of Bids. Only bids made within a reasonably small interval of the
present time can be reordered.

4. Timely Bids.

Bids can only be committed that are submitted before the prescribed auction
closing.
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Non-repudiation.

1. Auctioneer’s Remorse. The auctioneer cannot disavow a committed bid.

Verification.

1. Timely Verification. Bidders and sellers can verify the correct operation of
the auction in an acceptable amount of time.

3 High Level Auction Design

The basic structure of our design involves a publicly posted database (DB) asso-
ciated with each auction. The DB should contain a description of the item, and
various parameters associated with the auction, e.g., the time bids will begin be-
ing taken and conditions for the auction to close. Auction close will be discussed
below. There should be an optional minimum bid amount. There should also be
a high sales price (effectively a penalty that the auctioneer pays the item owner)
that can be invoked if there is evidence that the auctioneer did not perform
his duties properly. It should be higher than any reasonable expectation of the
maximum bid amount. (The auctioneer and the item owner may want to keep
this private between them in case the actual bids are substantially higher than
expected.) The DB should also include a history of the bids that have been made
so far. This will be used to commit the auctioneer to the status of the auction
as it progresses. The commitment takes the form of signatures by a notary on
the DB status at regular notarization intervals and, within those intervals, sig-
natures on the DB status by the auctioneer. Bids are submitted using secret bit
commitment (SBC). (A discussion of various approaches to SBC can be found
in [14].) This allows that the auctioneer to commit to a bid before he knows who
it is from (even pseudonymously) or what the bid amount is. One way to do
SBC is for the bidder to submit his bid encrypted with a secret key. After the
auctioneer has committed to the bid submission, the bidder can reveal the key.

We will indicate SBC to a given message M using a secret S by (M)s. To
prevent the auctioneer from identifying the bidder’s address prior to release of
the SBC secret, bids should be submitted through an anonymizing mechanism,
e.g., Mixmaster remailers [3] or onion routing [11].

The owner of an item up for auction has a vested interest in the auctioneer
continuing to accept new (potentially higher) bids until the auction is over. In
order for him to be able to test that this is happening, we allow him to submit
test bids. These can be explicitly indicated as test bids (once the bit commitment
is opened). If he detects that his test bids are not being committed during the
auction, he should then attempt to send his test bid via a certified delivery
service, such as CertMail [1], which is available now, or similar schemes being
developed by the US Postal Service. If, within a reasonable period of time, the
item owner (or any bidder) can produce evidence that bids were sent without
being acknowledged or processed, then the item goes to the highest bidder. But,
the sales price is either the high sales amount or the amount of the highest bid,
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whichever is larger. More specifically, the owner is paid this amount (minus any
commission based on the actual highest bid amount). The winning bidder pays
only the amount that he bid. The auctioneer is obligated to cover, at his own
expense, any difference between this and the amount owed the item owner. Such
a circumstance need not imply any wrongdoing on the part of the auctioneer.
It may be the result of a technical fault. Of course, an auctioneer clearly has a
vested interest in keeping such faults to a minimum.

Note that, while we assume the existence of a certified delivery mechanism,
its primary function is not to deliver bids but to act as a deterrent against
the auctioneer refusing to commit to received bids. It need only be employed
only rarely, when there is indication that the auctioneer might be doing just
that. Which of the acceptable certified delivery services are being used should
be stipulated with the auction parameters, so that the auctioneer knows where
to check periodically for messages whether or not she is notified that a message
has arrived for her. Furthermore, the bidder can decide if it trusts the delivery
mechanism when deciding on participating in the auction.

3.1 Auction Protocol

Registration Anyone wishing to bid must register with the auction service.
We assume that the bidder registers in some standard fashion. For example, he
provides the auction service with whatever credentials and evidence of ability to
pay are stipulated, e.g., a credit card number, and he receives a public signature
key certificate for use in auctions.

In describing our basic design we will not make any provision for anonymity
or related privacy protections in the registration of a bidder. Various mechanisms
might be incorporated to make this pseudonymous. Alternatively, registration
might incorporate an identity escrow mechanism [6] so that the identity of a
winning bidder might only be revealed if he failed to pay. In any case, such
techniques are orthogonal to our basic design and we will say no more about
them.

If signature keys are used in the straightforward way, then bidders must
produce one signature per bid. In order to improve performance, we introduce
a way that the bidder need only submit one signature per auction, rather than
one signature per bid. We will present this in Section 3.1.

Notarizing the Bid History Within intervals published in the auction pa-
rameters, the auctioneer must commit to the bids she has received. To do this,
she obtains a notarized (timestamped) version of the bid history from an on-line
notary. Several of these digital notaries already exist [20, 10, 16], and legislation
has been adopted or is being proposed to standardize the industry. The notary’s
sole action is to issue a certificate that binds its time-stamp to any file sent to
it. (To maintain confidentiality, the image of a one-way hash computation of the
document to be protected is what is actually sent.) We will use < M, ¢ty =N to
indicate the notarization of M by the notary IV at time ¢y.
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Since these notaries exist independently for various purposes, they are no
more specific to the auction service than is an issuer of certificates for public
signature verification keys or a certified delivery service. The reasons for the no-
tary in our auction are (1) to provide a nonrepudiable record of the auctioneer’s
claimed auction history at the time of notarization, and (2) to provide a trusted
time source on which the auctioneer and bidders must synchronize. (This pre-
vents, e.g., the auctioneer from terminating the auction early by speeding up her
own clock.)

The auctioneer should post the notarized bid history at the public site for
the auction, e.g., a Web site. If a bidder cannot obtain an appropriately recent
bid history, then he may request one by certified delivery. The auctioneer must
then respond by making a copy of the history available via the certified delivery
service. The auctioneer would no doubt prefer to minimize her sending of certified
messages. Thus, she has an interest in making sure that she posts appropriately
updated notarized histories. The auctioneer is obligated to maintain a complete
collection of the notarized histories for a reasonable period after the sale of the
auctioned item is finalized. This must be produced if any disputes arise as to
what happened during the auction. As with evidence that the auctioneer has not
accepted appropriately submitted bids, evidence that she has not adequately
maintained and made available committed bid histories would mean that the
auction is subject to the high-sales-price sanction described above.

By using the notary at regular intervals, the auctioneer commits not only
to the received bids, but to the order in which they are received. However, this
limitation on reordering is only up to the notarization update interval. And, this
is likely to be infrequent. Because submitted bids are protected by SBC until
they are committed, the auctioneer has no way to distinguish valid bids unless
bidders tell her. Thus, it may be of limited concern whether or not she can
reorder the bids she cannot distinguish; although she can always list the bids
of colluders ahead of those of others in any given interval, even if she cannot
determine whether they are higher than the other bids or whose the other bids
are.

Bid Submission To submit a bid, a registered bidder downloads the notarized
history from the most recent interval (resorting to certified delivery only if nec-
essary). The bidder then submits the bid. The first bid a bidder submits in an
auction is different from the later bids. The first bid has the form

Bid = AuctionlD,
(Bidder ID, | h(parameters), < history 4,tn >N, bid amount|k,,,)s

(Recall our notation: (M) g indicates the SBC to a message M using a secret
K.) The bid amount is indicated by the number of elements that are sent from
a reverse hash chain. Reverse hash chains are now widely employed for various
applications, such as micropayments. A reverse hash chain is formed by repeat-
edly hashing a random value some large number of times n. The first element
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of the chain ¢g is then the nt® hash of the random value. As each link of the
chain is revealed, it is easy to confirm that it is the next link by confirming that
its hash is the most recent previously revealed link. So, for the first bid that a
bidder submits in an auction

bid amount = ¢y, (i, ¢;).

The number of chain links revealed reflects the intended amount of the bid. Chain
elements have a previously agreed value as part of the auction parameters.

We use | M|k,  to indicate the signature of message M using signing key
Kk,,,- The bid key Kp;q binds the bid back to the bidder, so that the auctioneer
can collect on the winning bid. (As noted above this binding may be indirect
in various ways so as to protect the privacy of the bidder. The only essential
characteristic is that the auctioneer can use this key to collect payment from the
bidder, anonymously or otherwise.)

Here, tx is the time given by the notary in the most recent notarized history
submitted by the auctioneer, history 4,tn. The auctioneer must commit to a bid
by the end of the notarization interval following the one in which it was received.
Of course in the interest of moving the auction along, she will want to commit
to it as soon as possible; thus, she will include it in the history submitted for
current notarization interval if possible. We will see presently that she can do
still more in this respect.

In subsequently sent bids, there is no need for the bidder to sign the bid.
Subsequent bids have the form

Bid = AuctionID, (Bidder ID, < history 5,tn =N, bid amount)s

In these bids,
bid amount = (j,¢;).

The amount of this bid is indicated by j: the bidder has bid j times the value
of a chain link. There is no need to sign this since the auctioneer can always
authenticate the bid by binding this back to Kp;q via the hash chain. The auc-
tioneer can thus show that the bidder has sent whatever total number of chain
elements he has sent in that auction. But, the auctioneer cannot frame the bid-
der for a higher bid since she cannot produce the next unexposed chain element.
Nor can she unpack the bid and claim it was for a lower amount since she will
have committed to the bid before she knows the amount it contains. This also
suffices to bind the bidder to the auction parameters.

The commitment that the auctioneer makes to a bid is contingent on the bid-
der sending his SBC secret (thus revealing his Bidder ID and the bid amount).
For the bid to be valid, this must be done by the end of the notarization interval
following the one in which the auctioneer commits to accepting the bid; although
it can be done as soon as the bidder has evidence of the auctioneer’s commit-
ment to his bid. To provide this evidence between notarizations, the auctioneer
can commit by herself signing (and posting) histories since the last notarization.
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Once a bidder has downloaded the auctioneer’s signed commitment to a history,
he can reveal his secret, even within the same notarization interval.

Just as with bids themselves, if necessary, a bidder should submit his SBC
secret through a certified delivery service. The auctioneer should then send a
certified response that commits receipt of the SBC secret. The need for certified
delivery can be reduced by use of the auctioneer-signed histories just mentioned.
To further minimize the need for certified delivery, the bidder should submit his
SBC secret early in the interval in which it is due (or sooner if possible) and the
auctioneer should sign and post a history including receipt of the SBC secret
well before the end of the interval.

In [7] it was noted that since “open cry cyber auctions can take hours or days
to conclude, the potential bidders will be hesitant to make such an open ended
commitment to buy. Hence the Internet open cry auction mechanisms must give
the bidder an opportunity to ask the seller for a commitment or withdraw his
bid.” In our auction design, bidders cannot withdraw a complete committed
bid; nonetheless, a bidder can decide not to reveal his SBC secret, even after the
bid is committed by the auctioneer. This amounts to a limited bid-cancellation
capability with an added advantage: if the bidder chooses to cancel the bid in
this way, then the Bidder ID and bid amount are never revealed.

Closing the Auction In the published auction parameters there is an auction
start time, an expiration time, and a regular timeout interval. The regular time-
out interval is an interval during which no new bids that exceed the previous
high bid are received. The auction must remain open until at least the expiration
time has been passed. This time should be long enough that the item owner, or
others, can determine whether the auctioneer is accepting bids and thus can
send bids via a certified delivery service if necessary.

If more recently than the timeout interval before the expiration time any new
high bids have been received, then a new timeout is set and auction continues
until a timeout interval passes without a new high bid. It should be clear that
someone waiting until the last moment to submit a bid (or SBC secret) must use
a certified delivery service to be sure of receipt (or evidence of availability), even
if the auctioneer has not shown any signs of failing to accept bids. The auction
parameters should be set so that ordinary bidders paying reasonable attention
to the auction should not be forced to resort to such means unless the auctioneer
is not committing to bids.

In our auction design, the timeout interval must be at least as long as the
notarization interval.

3.2 Auction Design Variants

Eliminating Regular Use of the Notary The above protocol makes only
minimal use of (independent) trusted parties: certified delivery is used only when
something does not function properly, and notarization is done only periodically.
Still, it would be good to further limit the use of trusted parties to just those
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times when something does not happen as it ordinarily should. We now sketch
how to do so.

The reasons for the notary in our auction design are (1) to provide a non-
repudiable record of the auctioneer’s claimed auction history at the time of
notarization, and (2) to provide a trusted time source on which the auctioneer
and bidders must synchronize. We can use auctioneer signatures to provide a
record of claimed auction history at a time stated by the auctioneer. But, how
can we force synchronization of this time without regular use of the notary?

Bidders (and item owners) can use notaries and certified communication
(which includes the time-stamp of a trusted authority) to catch the auctioneer
in extreme clock skews. In the absence of a notarized history, the auctioneer
should post her own time-stamped, signed histories at regular intervals. Bidders
or item owners who want to keep the auction honest should now download and
keep these so that the auctioneer cannot later produce a conflicting record and
deny the previously posted record. (This was not necessary when the notary was
used since the auctioneer could not later produce a conflicting notarized history.)

As before, if auction participants notice that the auctioneer has not posted
an update within the current interval, they can request one by certified delivery.
And, the auctioneer should respond with a post via certified delivery. Unlike
before, participants must now watch for extreme clock skews on the part of the
auctioneer. In this case, they should also download the posted history with the
advanced clock and submit it for notarization (or perhaps post it via certified
delivery). In this case the difference between the auctioneer’s clock and the
trusted clock of the notary will show that the auctioneer’s clock is skewed beyond
acceptable bounds (which should be stipulated in the auction parameters). The
auction should then close using the high-sales-price sanction described earlier.

Temporarily Secret Bid Commitment Instead of using secret bit commit-
ment in our auction, we could use temporarily secret bit commitment (TSBC)
[17]. TSBC is similar to the notion of time-lock puzzles [12]. The basic idea
is to commit to a secret that can be uncovered after a predictable amount of
time. For example, the secret can be encrypted with a key that is recoverable
after an inherently sequential computation of fixed length. Someone receiving
such a message would be able to decrypt it after a fixed amount of computa-
tion. Nonetheless, the message is not readable until that computation has been
performed. Thus, committing to receipt of a TSBC message is committing to
the ability to read the message as well (after performing the computation). This
removes the contingency of auctioneer commitment to a bid. It is not necessary
to reveal any commitment secret.

Nonetheless, it would be good if it were possible to avoid performing that
computation once the bid has been committed. If desired, the secret key can be
revealed, providing a ‘shortcut’ access to the TSBC message. We could imagine
features of the auction to make it likely that shortcuts to TSBC are revealed.
Perhaps client software reveals the bid when proper conditions are met. There
could be any number of carrots or sticks to further motivate bidders. A deposit
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could be collected and returned at the end of the lottery if the client actually
reveals all shortcuts. An auctioneer would not likely cheat to keep the deposit at
the expense of tarnishing his image with the bidding community. Alternatively,
bidders could be given a financial incentive (e.g., they could be entered in a
lottery or provided with coupons or rebate offers).

The reason our default design uses SBC rather than TSBC is that, if despite
the incentives and/or automation, shortcuts are not revealed for many bids, then
a denial-of-service attack on auctioneer performance is possible.

4 Conclusion

We have presented properties of fair English auctions as well as a design for an
on-line auction. In current on-line auctions, there are strong trust assumptions
about auctioneers. Our auction design uses no specialized trusted parties, it uses
only trusted parties that exist independently in the information infrastructure.
And, use of those trusted parties is minimized: a notary is used only for periodic
updates to insure fair closing conditions, while a certified delivery service is
used only when ordinary communication fails or the auctioneer does not perform
properly. (And, the auctioneer has disincentives both to not performing properly
and to receiving certified deliveries.) In fact, in one of our variants, the notary
also is only used when the auctioneer does not operate properly. Despite this
minimal use of (only independent) trusted parties, we have been able to give
informal arguments that our design meets the properties we set out. In sum, we
have presented an auction design that provides for the fair close of an auction
and makes bid refusal by the auctioneer provable by bidders and others.
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Cryptosystems Robust against
“Dynamic Faults”
Meet Enterprise Needs for
Organizational “Change Control”

Yair Frankel and Moti Yung

Abstract. Business organizations are dynamic, thus they must have
sufficient flexibility in expectation of future structural changes (change
in personnel, policies, internal reorganizations, external restructuring,
etc.). This issue is becoming increasingly important in recent years since
nowadays firms operate in a more dynamic and flexible business environ-
ment. As automation progresses, it is expected that cryptography will
become a major control tool in organizations. Here we discuss what cryp-
tography can provide to enable and manage this business environment
of mutating organizations. The main thesis we put forth is the following:
“Cryptographic designs traditionally concerned with mechanistic fault
tolerance, in which faults are dynamic can, in turn, be the base for a
‘flexible design for control functions’ in today’s business environment.”

We show how combining various key management techniques which are
robust against “dynamic faults” with proper semantically rich “enter-
prise view management techniques” — provides a flexible enterprise cryp-
tographic control. Such control can anticipate dynamic changes of the
business entity. We demonstrate how to manage group entities which are
either visible externally (using modified certification technology) as well
as entities whose internal workings are hidden (using certification tech-
nology and proactive protocol technology when extended to withstand
failing and rejoining elements).

1 Introduction

Cryptographic technology is a basic tool for secure and reliable control of “elec-
tronic transactions and processes” within an organization. Control tools in orga-
nizations are often required to support multi-entity decision making in remote
executions of processes within a commercial and financial body (board decision
making, contract signing, memory of understanding signing, buying and selling,
hiring, shipping, etc.). However, the inside of an organization (e.g., a commercial
and financial body) can be quite complex both legally and technically . An orga-
nization can be either a single business entity (a corporation, a partnership, etc.)
or a multi-business entity (an inter-banking organization, a consortium, etc.).
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The notion we deal with in this work is that of “organizational changes”
(or “structural changes”) inside a commercial or financial entity. This adds a
level of complexity in managing the “inside.” It is common for commercial and
financial bodies to go under organizational changes which may modify the con-
trol structure over processes and transactions. These changes generally are not
predictable beforehand and therefore there cannot be an a-priori understanding
of the security and flexibility implications of these changes. In fact the control
structure that are implemented by the security engineers may result in an highly
inflexible infrastructure which may be very secure but is also very static. This
may be typically attributed to failing to take into consideration the dynamic
nature of business. For instance what happens when two banks merge together
into a single financial entity? There are new “agents” in the system which will be
part of the overall control, there may be new regulations which now apply, and
different trading constraints as well as opportunities may develop. How can we
assure design of cryptographic control which is flexible enough for the modern
global and dynamic market? Namely, how to assure proper “change control?”

We note that this is a very important question with a large financial impact.
The smoothness of mergers of organizations and the manner by which they over-
come their integration is important to the well being of the new merged organi-
zation. Often, integration problems are apparent and they influence the market
value of the organization. Moreover, often merging difficulties are attributed
to the “information processing infrastructure.” Having a “digital strategy” for
managing the entity has been advocated recently [DM98].

We deal with the aspect of cryptographic controls within organizations. The
position of this paper is the following:

1. Fault tolerant cryptographic designs, in which expected mechanistic faults
are dynamic and components may change, give rise to an extended flexible
design that enables enhanced functionality of the underlying control. This
functionality deals with today’s dynamically changing business environment.

2. Flexibility of control is naturally achieved by having a flexible “key manage-
ment” level which assures that many of the transactions and processes will
not be affected by many of the potential “structural changes”.

3. We need to enable implicit and explicit change mechanisms for the control
functions. The former are invisible externally, whereas the later are notice-
able and may need to be registered by the environment. Both require an
internal management function, which can be achieved by combining the tra-
ditional “key management technology” with dynamic “access control tech-
nology”. It enables the maintenance of the “semantics” of the organizational
structure.

In this work we will first survey (Section 2) some of today’s organization
dynamics which imply the need for the control of business transactions to be
flexible. We then discuss a cryptographic architecture for control of operations
within an enterprise (Section 3). Finally, we demonstrate (Section 4) two design
paradigms and show how (using the support of the architecture in the previ-
ous section), they evolve from being a purely (mechanistic) “fault-tolerance,”
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“reliability” and “recovery” functions to a “flexible control designs.” Our exam-
ples of mechanistic fault-tolerant technologies are “proactive key management”
and “Certification Authority (CA) with CRL Management.” The organizational
change examples deal with representing group actions within an enterprise, and
demonstrate a design of a group action where its structure needs to be externally
visible and a group action whose inner workings are hidden.

Remark: We note that there are many possible changes in an organization,
thus we do not claim that the above observations will enable flexible design
that will automatically overcome any change whatsoever or even any structural
change. Such changes may be very specific and may require flexible design outside
the cryptographic or security component of the system. For example, changes
to names of entities may require management of names as well as maintenance
of history, and it should enable aliasing for future reference. New rules and
new information technologies may require changes of the logic encoded in the
systems and even the information technology of the infrastructure, respectively.
Nevertheless, what we claim is that the above observations when incorporated
into a system design will ease many of the “structural changes” which business
entities are likely to take in the modern business world.

2 Organizational Dynamics

Organization may go through various changes. In today’s business environment
where technology moves fast and old realities lose their roles yielding to new
forces, mutate-ability and flexibility is required from organizations. There are
various types of changes:

— Internal: Changing of structure like departmental and divisional changes as
well as internal personnel changes especially in the world of corporate “reor-
ganization” and “re-engineering”. Change of business, for instance, addition
or removal of product lines.

— Environmental: Change in regulation, law, common practices, underlying
technology.

— External: Change which is due to interaction with other entities such as
merges, acquisitions, adding/removing partners, joining/dismemberment
into/from consortia etc. These changes involve previously external parties
and may result in an update of what is internal and what is external.

— Global: Changing many dependencies, such as changing the entire line of
business, etc. while retaining legal connection to the past.

The above are not mutually exclusive. For instance, a merger may bring new
officers and directors to a company. Even internal changes have an external
affect as would be the case in hiring a new CEO or adding a new commercial/
financial product/ service line.
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3 Flexible Control in Enterprise Cryptographic Systems

Next, we concentrate on control in cryptographic systems. We argue that in such
systems the “key management” functions include most of the control. Indeed, the
group or individual holding a certain key own a cryptographic capability which
is typically exclusive and can be employed with confidentiality, authenticity and
integrity.

Thus, when we manage the organization we have to manage the roles held
by individuals and groupings of individuals. Business practices typically assign
roles to individual, committees, team, or a functional unit in an organization.
The role allows the agent to be able to make certain decisions and perform certain
tasks. Many tasks need control and recording and in modern organization are
computerized and cryptography can be the tool for both. We will suggest a
design which is flexible to accommodate dynamically changing enterprises.

Figure 1 schematically demonstrates the dynamic flexible control of crypto-
graphic entities within an enterprise. It distinguishes two layers: the enterprise
description which manages a dynamic organization and the operational structure
which is where the entities of the enterprise act.

Enterprise View Manager
Description .

View
Operational Key Management
Structure .

Entity

Fig. 1. Enterprise Cryptographic Systems Control

We now explain our design in more details.

In managing the elements holding cryptographic capabilities, we concentrate
on representing a group of one or more individuals as an organizational function
or a role which we call “an entity”. We assume that a quorum of this entity (all
members or a majority or some other subset) needs to approve a cryptographic
function which represents an “operation”. Without loss of generality (an individ-
ual role is just a singleton group), we concentrate on managing a group such that
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a quorum (say majority) of the entity is necessary to perform an entity action.
Indeed, many decisions and actions in an organization require a quorum control.
Such are decision by the board of directors. Approval of records, minutes etc. as
well as management commands such as procurement, selling, contract signing,
as well as operational commands in certain organizations such as approving a
document and authorizing its publication.

We assume, again without loss of generality, that the cryptographic opera-
tion is a digital signature (other cryptographic functions are possible to manage
in a similar fashion). A signature is a typical operation and can be used for
numerous business processes. The entity may be an internal entity (i.e., known
only internally) or an external entity interacting with the environment.

Thus the organization has what we call Operational Structure; it has
two layers:

1. Entities: Which are the operating agents in the enterprise. The entities per-
form cryptographic actions according to a well-defined set of authorization
rules; and

2. Entity Key Management: Which provides the cryptographic tools for
entities and manages them (for example via an externally visible CA).

The above is a static (instantaneous description) of the enterprise. Next, we
have realized that entities and groups (which represent entities) change over the
lifetime of the firm. The control of the entities and their roles is a major problem
when organizations change. The set of officers, directors, authorized signatories
for certain financial transaction change with the organizational change. Also, the
authorization rules for applying an “operation” may change and the members
of the group have to know about it.

If we want to manage changes we want to control the “key management” layer
which assigns cryptographic tools to entity members. We can take the approach
that with each key there is a set of “authorization rules” which control its usage
and are part of the key, thus authorization changes as well can be managed by
controlling key management.

Thus, whereas pure key management (for a static organization) is controlled
by a relatively simple semantics (which may include operations such as key-
generation, key-validation, key-invalidation, key-expiration, key-replacement,
user-elimination, etc.), the key management in a dynamic organization needs
richer semantics. This implies the need for a layer of management on top of
key management. In fact this layer (See Figure 1) is connected with managing
the structure of the enterprise which we call Enterprise Description which
is similar to the “conceptual schema” of the organization which describes the
enterprise. However, security and cryptographic tools are added. It is based on
the following two layers:

1. The View: The level which defines entities, the groupings which map indi-
viduals to “roles” as part of entities, and the “authorization rules” associ-
ated with entities. This can be looked as an “access control” of individual
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and (sub-)entities to entities. At any point of time, the view’s integrity is

protected.

2. View Management: The management layer which controls the dynamic
changes. This is controlled by top management and human resources which
act according to restructuring decisions and contracts as the organization
change. It is by itself cryptographically controlled (for example by an inter-

nal CA).

In Figure 2 the “roles and group database” is represented, each role is asso-
ciate with a capability which here is represented as a certificate. The association
of roles to their capabilities is equivalent to the association of entities to their

certificates.
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Fig. 2. Entity file, Role File and Their Associations

The association of entities to roles/ groups is also depicted. The view defines
the roles and groups, and the view management is the component that deals
with the association of entities to roles and groups as well as the management of
the roles themselves. Hence, the view management component operates on roles
and groups. It is the sub-system which manipulates the Entity to Role/Group
links which are the connections between roles and entities. This allows for the

dynamic organization.
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The view which defines the organization, also define whether an entity’s
structure and inner workings is “visible” or “invisible” (or “partially visible”
which combines the previous two). A visible entity has its structure exposed
externally (to the other entity inside or outside the enterprise with whom it
interacts), an invisible entity is represented as a “singleton entity” to others.
In particular, there may be a need to hide the inner workings of entities which
interact with the external world (other enterprises); in order to either hide the
structure, or to simplify and abstract the interface to the external world.

4 Implementing Dynamic Enterprise Cryptographic
Control

We now describe the basic general designs of the cryptographic control of (group)
entities. We show how to manage visible and invisible entities.

4.1 Implementing the Enterprise Description Layer

The “enterprise view” function employs access control technology [L.71] (in par-
ticular, dynamic access control [HBM98]). It can be used to bridge between
“individual based” (Identity based) organization and “role based” organization
where functional cryptographic tools are controlled. For large organizations, it
can employ CA technology and in particular systems of “trust management” as
defined by PolicyMaker suggested by Blaze, Feigenbaum and Lacey [BFLIG]; its
use here is to define the structure of entities and their group members. Similarly
SDSI or SPKI can be used [RL,£98] (and only partial functionality of the above
is needed). The layer thus maintains a database of the dependencies and dictates
the structure to the entity level.

The view management function is the key management of the enterprise
description level. It assures that the organizational changes are performed or
authorized by the proper functions within the organization. This assures com-
pliance with restructuring decisions, contracts, policy etc. In a small organization
it can be performed by the security officers whereas in larger distributed organi-
zations it will require a quorum management which itself is based on a quorum
of security officers and where policy is signed by the enterprise executive man-
agement (which makes reorganization, restructuring and personnel assignment
decisions, as well as changes required by law and by legal agreements). In case
of multi-lateral agreement, the set of security officers act originally in duplica-
tion but the result is a “combined enterprise” which can continue to work. Note
that the view management layer has to manage itself as well. Namely adding,
deleting, merging of officers has to be done at that level itself.

The activation of the control which deals dynamically with an entity, will be
done by calling key management functions which involve the agents (individual
and sub-entities) comprising the entity itself. The operations which are needed
include the following maintenance and management operations:
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— Define Entity: which assigns a name and characteristics to an entity (in
particular it defines the entity’s size and the threshold for a quorum (or
similar rules) and whether the entity is to be visible or not and similar
properties). It also defines an initial set of individuals and other (sub)-entities
that define the initial entity.

— Define Authorization rules: which defines the operation allowed and the
rules for acting.

— Add member to entity: which specifies the enrollment of a new member
into an entity.

— Remove member from entity: which specifies the disenrollment of a
member from an entity.

— Modify rules: which adds, deletes or change an authorization rule.

— Change entity characteristics: which maintains the properties of the
entity. (In particular can change its size or size of threshold, change it from
being visible to being invisible etc.).

— Remove/ Refresh/ Suspend Entity: which discontinues the entity, etc.

4.2 Visible Entity Management Implementation

We need to implement a control of a group of elements which together form an
entity with its structure and rules exposed to the outside elements dealing with
this entity.

Recall that we focused on the action an entity takes is signing, thus the tool
which seems suitable here is the notion of multi signature. This is a static tool
which associates a group of users and their individual signature to an entity by
requiring everyone (or possibly a subset) to sign with an individual signature.
Once a multi signature is given one can verify each individual signature and
check that the action is authorized.

However, we need dynamic management and we see that individuals may
leave or be added to a group. The technology which deals with creating signature
schemes and treating possible faults and failures of such schemes (e.g., compro-
mises, expirations) is a CA (Certification Authority) which works in conjunction
with a CRL (Certificate Revocation Lists) publication mechanism. Typically, a
certificate is revoked when the key is suspected of being compromised. A cer-
tificate is also invalid if expired. A discussion on revocation see [F'L98] and the
three papers attached to it.

For our dynamic entity management we need the notion of “Entity Certifi-
cate” which links to existing individual certificates. We can manage the entities
by always changing the entity certificate, revoking the old entity and certify-
ing the new entity. We may want to keep revoked entities and have a history
available (a time-stamping technology may help here [HS91]).

Once entity certificate is defined, connections via rules between certificates
can be expressed as was defined and also implemented in the work on “certifying
trust” by Lehti and Nikander [LN98]. The access control framework of [HBM98]
is also applicable.
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Let us view how the dynamic management of the enterprise view is per-
formed:

— Define Entity: The enterprise (internal or external) CA issues a new certifi-
cate to the entity name and assigns characteristics to it. It links the names
of the initial set of individuals (point to their key/ certificate) which are
members.

— Define Authorization rules: The rules are put in the certificate.

— Any modification: The old entity certificate is revoked and a new certifi-
cate is issued reflecting the change.

We see that we need a basic CA technology and reliable time stamping so that
using certification with date and entity management gives us an explicit record.
The combination of issuance and revocation which was originally done for secu-
rity (key renewals) and coping with failures such as key compromises which need
revocation, can serve to manage entity dynamically. The Certificate technology
can be used to define multi-signature by allowing a certificate which includes
pointers to a group of keys (or alternatively aggregate certificates) rather than
having its own user key inside the certificate. The user’s key may be kept to the
internal CA while the group of keys may be visible via the external CA. Such
extensions are possible and manageable by the view manager.

In Figure 3 we can observe that the explicit certificate has link or directly
includes the certificate for multiple certificates. The certificate also includes a
statement defining what is a valid signature with respect to the certificate. That
is any two signatures which can be validated from the possible certificate consti-
tute a valid signature. Also depicted in the figure is a message with a multisig-
nature containing signature from entity E1 and entity E'3, this makes a valid
signature under the explicit certificate in the figure.

4.3 Invisible Entity Management Implementation

The tool to use in implementing an entity whose internal workings are invisible
is naturally that of “function sharing” (threshold cryptosystems). This tool can
be used to share a signature key amongst individual such that each one has a
shadow key (e.g. [F'89,DF91,DDEFY,FGMY]). On an input, if any threshold of
individuals produces partial signatures (their keys applied to the input), it is easy
to combine these to a signature on the input. If less than the threshold collude
in arbitrary ways, the signature scheme is secure (in particular the adversary
now has to get as many keys as the threshold to break the scheme).

The notion of proactive security, tolerates dynamic adversary [OY91]. When
applied to cryptosystems [HJJKY97 FGMY], the notion creates a system which
re-randomizes the shares periodically, so its original goal is increased security
against mobile adversary (allowing the adversary to control up to the threshold
in each period). This technology can however be combined with the “rejoin”
failure, originally defined and developed in [GHY87] and allow us (as was done
in [FGMY]) to “add” and “remove” individuals and to change the group size
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and threshold size parameters. These are some components of the flexibility we
discussed earlier.

Assume now that we have to manage the entity which is the “board of direc-
tors” of a company. The board signs records, decisions, and other documents.
For instance it signs documents which include decisions regarding the “size and
membership” of the board itself. The board is represented by a threshold function
and if there is a signature it means that the majority approves. Sometimes, we
may want to assure that all have voted so we may have another key representing
(unanimous board decision— where the threshold is the size of the board). When
the board decides to manage itself, it run some of the proactive maintenance
protocols (disenrollment, join, size increase, threshold change).

To manage the operations we still need an internal record, so an “internal
CA” manages the view using “entity certificate” as before — pointing to indi-
viduals etc. However, in addition, when a change is done the “proactive key
management function” of the entity is invoked to perform the maintenance pro-
tocol routine. The visible entities is certified by the “external CA” (a few levels
of internal/external are also possible). Note that internal CA management is
done by the enterprise view level.
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Let us see a few examples of maintenance operation of invisible entity:

— Define Entity: The entity is created in the internal CA as an entity certifi-
cate is issued. In addition a key generation and distribution for the group is
executed. The external CA issues an entity certificate for this key.

— Define Authorization rules: which defines the operation allowed and the
rules for acting and is posed in the internal certificate. The threshold of
honest participants in the entity is assumed to enforce the rules.

— Add member to entity: which specifies the enrollment of a new member
into an entity. This is reflected by a change of the internal entity certificate
and in addition a “key re-distribution” amongst the new set of participants
is being executed. In [FGMY] a key that was distributed in a ¢ out of n
polynomial (polynomial of degree t) will be redistributed into a new ¢ out of
n + 1 polynomial which will be distributed to the old members and the new
member.

— Remove member from entity: Similar to the above, but the new poly-
nomial will be distributed to n — 1 members excluding the member that was
removed. New shares are held by all old members excluding the removed
one.

— Change entity characteristics: If we change the threshold size we can re-
distribute the secret from a ¢ out of n polynomial to a t’ out of n polynomial,
which will mean that now t' participants have to act.

— Remove/ Refresh/ Suspend Entity: Revoking the external certificate
will in effect terminate or suspend the role of the entity, delegation with
time-stamp may refresh.

The above demonstrates how a group is managed internally and dynamically
by the view manager employing its internal CA and internal protocols, whereas
at the same time the external view remains unchanged.

5 Conclusions

We have claimed that dynamic maintenance of enterprises is becoming an im-
portant issue. We then claimed that mechanisms that were originally designed
to withstand “dynamic faults” are suitable for flexible dynamic maintenance of
cryptographic control within an enterprise. It is required that the semantics con-
cerning the dynamics of changes is handled in a view management layer which
correctly and securely directs the structure of entities in an enterprise as its
structure evolves.

The new enterprise view level manages a secure data base technology, it man-
ages the availability and access to CA’s, it manages reliable time-stamping, and
it activates the key management function (at the various CA’s and by invoking
protocols among participants in an entity). It achieves the right level of flexibil-
ity that future automated businesses will need once they rely on cryptographic
controls.
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Abstract. We introduce two improvements to the recently proposed
so called magic ink DSS signatures. A first improvement is that we re-
duce the overhead for tracing without noticeably increasing any other
cost. The tracing cost is linear in the number of generated signatures in
the original proposal; our improved version reduces this to a logarithmic
cost in the common case. A second improvement is that we introduce a
method for determining whether forged currency is in circulation, with-
out affecting the privacy of honest users.

Our improvements rely on our introducing a so called hint value. This
is an encryption of the signature transcript received, submitted by the
signature receiver. Part of the processing of this hint value is done using
a new technique in which the high costs of secret sharing and robust
computation on shared data are avoided by manipulation of encrypted
data rather than plaintext. (Whereas the idea of computing on encrypted
data is not a new notion in itself, it has to the best of our knowledge not
previously been employed to limit the use of costly secret sharing based
protocols.)

Keywords: efficiently revokable privacy, magic ink DSS, hints, electronic
commerce

1 Introduction

Many changes in society are caused by the introduction of vital technology. An
example of this is the invention of the printing press in 1457, which by a signifi-
cant reduction in the costs of printed material caused a drastically increased lit-
eracy, and political awareness by allowing inexpensive information dissemination
to the masses. Another example of an important step forward is the telephone,
invented in 1876. These and innumerable other inventions caused and fueled the
industrial revolution, transforming society in an eye-blink of human history. Al-
though hardly anticipated only a few years ago, the Internet now promises to be
a similar catalyst of changes to society. An integral part of this new revolution
we are facing relates to commerce.
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This new technology, however, promises to be as dangerous as it is useful.
On the one hand, we know that given the strikingly low costs of information col-
lection and analysis of the same, payment schemes not offering sufficient privacy
may indeed act as an ever-present secret police in the hands of dubious commer-
cial interests. On the other hand, it is also well-known that too much privacy
may present a threat to society at large, in the form of terrorism, blackmailing,
and the undermining of entire economies by corruption of or dissemination of
the secret keys of banks (see [33,21]). A recent trend in research in the area
of electronic commerce has therefore been to find payment schemes with re-
vokable anonymity (e.g., [5,6,15,18,19,21,22,23,24,26,34,35,306],) allowing a set of
trustees to remove the privacy of a given user or payment, but not allowing an
attacker to correlate payments to the identities of the payers without corrupting
a substantial number of these trustees.

Most signature schemes with revokable anonymity offer two types of tracing,
namely: (1) from a given signing session or identity of a receiver to a description
of the signature(s) obtained, and the opposite direction: (2) from a given signa-
ture to the corresponding signing session or identity of the signature receiver.
Magic ink signatures [23] offer a third tracing option, which is to determine if
a given signature was obtained in a given session or not. This third type allows
a tighter control over tracing by allowing suspicions to be verified, without di-
vulging any more information than whether the signature and the session match
or not.

In the magic ink proposal in [23], the first and third tracing options have
costs that are independent of the number of signatures that have been generated.
The second tracing option, however, has an expected cost which is linear in the
number of generated signatures. This is a concern in a practical implementation,
especially given that this type of tracing is likely to be the most commonly
needed.

A first result of this paper is to present a modification of the original magic
ink scheme that lowers the cost of this second tracing option to a logarithmic
cost ! in the common case, with a fall-back to a linear cost in a highly unlikely
case. This is done without affecting the other tracing costs, and with only a
minor increase in storage costs for the signature generating servers.

A second issue we deal with relates to increasing the protection against
attacks. One of the main benefits of magic ink signatures compared to other
schemes with revokable anonymity is that it allows the signer/bank to distin-
guish between valid signatures that were produced by the bank servers, and
valid signatures that were produced by another party holding the signing keys.
This is important if there is a suspicion that the signing keys of the banks have
been corrupted (corresponding to the so-called bank robbery attack). Whereas
the availability of this method promises to act as a definitive deterrent against
attacks aiming to corrupt the bank keys, the very high cost of the filtering makes

! This is using a naive search algorithm. Using a more efficient algorithm in which
space is traded off for efficiency, a constant cost can be obtained.
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the method impractical unless it is certain that the signing keys have been cor-
rupted.

A second result of our paper is to answer the important question of how it
can be detected at a very early stage that a bank key has been compromised.
In previous proposals that are granting privacy to honest users, no such method
was available. The crux of the idea is to detect valid bank signatures that have
not been produced by the bank without affecting our stringent requirements
on the privacy of honest users. This is similar in spirit to the notion of fail-
stop signatures [31], which were proposed by Pfitzmann to allow the detection
of valid but forged signatures. We propose a method for detecting forged DSA
signatures, using the very same constructions introduced to lower the cost of
tracing. This allows the above mentioned expensive filtering techniques to be
employed only when necessary.

As a result, we obtain a highly efficient and practical signature generation
scheme offering the following four important mechanisms: (1) tracing from a
given signing session to the corresponding signature (or coin); (2) tracing from
a given signature/coin to the corresponding signing session; (3) comparison of
sessions and signatures to determine whether such a pair correspond to each
other; and (4) detection of signing keys having been compromised. This last
feature allows instantaneous installation of new secret and public keys, and an
on-line filtering of all deposited coins of the old type to remove forged coins.

Thus, this new scheme, which offers improvements both in terms of efficiency
and functionality, would potentially allow a realistic payment scheme that suc-
ceeds in balancing the scales of privacy in a way that avoids all known attacks
and weaknesses.

Outline

Section 2 presents our general model. In section 3, we define the properties our
scheme achieves. In section 4 we explain the tools we utilize to achieve our
solution, which is discussed in section 5. This is followed in section 6 by the
introduction of the main protocol for improved magic ink signatures and all
sub-protocols that are needed. Section 7 presents the second result of our paper,
namely a protocol for detecting illicit signatures. In section 8 we enumerate the
properties of our scheme; these are proven in the Appendix.

2 Model

We assume that there are three types of (polynomial-time) participants: sign-
ers/tracers S, receivers R, and verifiers. A signer/tracer is an entity with two
functionalities (as indicated by the name). When acting like a signer, this entity
produces signatures on messages provided by the receiver; when acting like a
tracer, it selectively correlates signatures and sessions that match (this will be
elaborated on later.) The receiver sends message-signature pairs to a verifier,
who wants to verify their validity with respect to the public key of the signer.
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(Typically, these three entities correspond to banks, payers, and merchants; or,
alternatively, to certification agencies, service providers, and users who want to
determine whether a given service provider is certified.)

We consider two types of adversaries. The first, the so-called mobile ad-
versary (introduced in [29]), may control up to a threshold of signers/tracers,
and any number of receivers and wverifiers. He can adaptively corrupt different
signer/tracers for each time period, whose length is a security parameter set
by the protocol designers. Our second type of adversary is an adversary of the
first type who also has complete read access to the private storage areas of all
signer/tracer servers. We call this adversary, which was introduced in [23], the
read-all adversary.

3 Definitions

Terminology: We say that the predicate match(s;, 7;) is true if and only if s; is
the transcript the receiver obtains in the signing session 4, and 7; is the transcript
obtained by the signer during the same session .

Definition 1: Anonymity and Revokable Anonymity

Let R be a set of honest signature receivers and S is a set of honest signature
servers. Additionally, let R’ be a set of dishonest signature receivers, and S’ a
set of dishonest signature servers. We let the receivers in R U R’ interact in the
proposed protocols with quorums (i.e., sets of sufficient size to recostruct the re-
lated secret) from S’ US a polynomial number of times n, after which a receiver
R; € R obtains a signature s; on a message m,; of his choice. We assume that
S’ obtains the set of all generated signatures {s;}, and a list of all signer-side
transcripts (71, ..., 7).

We say our protocols implement anonymity if it is not possible for R U &’
to match any signature s;, obtained by a receiver in R, to its corresponding
signer-side transcript 7; with probability better than what is achieved by mak-
ing a guess uniformly at random from all transcripts produced during sessions
with R.

We say our protocols implement revokable anonymity if any quorum of hon-
est servers S or tracing servers can perform the following three transactions in
polynomial time:

1. Given a valid message-signature pair described by s; and the list of all signer-
side transcripts (71, ...,7,), select the value 7;, such that match(s;, 7;).

2. Given a valid message-signature pair described by s; and one signer-side
transcript 7;, determine whether match(s;, 7;) holds.

3. Given a signer-side transcript 7;, compute a value trace; such that given
trace; and a value s;, a third party can determine in polynomial time, and
without any interaction, whether match(s;, ;) holds.
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Definition 2: Unforgeability

As before, we let R be the set of honest signature receivers; R’ the set of dishon-
est signature receivers; S the set of honest signature servers; and S’ the set of
dishonest signature servers. We let the receivers in RUR' interact with quorums
from &’ US a polynomial number of times. Let o be the set of valid message-
signature pairs obtained by R, and ¢’ the set of valid message-signature pairs
obtained by R’. We say that a signature? is unforgeable if it is infeasible for the
adversary to output a valid message-signature pair that is not in o U o”.

Definition 3: Illicit Signature Detection

We refer to an illicit message-signature pair as any valid message-signature pair
s for which there is no signer-side transcript 7 such that match(s, 7). (That is,
illicit signatures are valid signatures produced by an adversary who has corrupted
the secret signing key used, or has broken the computational assumption of
the signature scheme.) We call a system illicit signature detecting if it allows
the signer/tracer to distinguish such an illicit message-signature pair from a
message-signature pair that is not illicit, but which is produced by the signer.

4 Building Blocks

Before we introduce the improved version we review some protocols, which will
later be used as building blocks.

Notation: Since we use different moduli at different times, we use [op], to
denote the operation op modulo z where this is not clear from the context.

ElGamal: Our protocol uses ElGamal encryption [16]. To encrypt a value m
using the public key y, the person who performs the encryption picks a value
Y €u Zg uniformly at random, and computes the pair (a,b) = (my”, g7). Thus,
(a,b) is the encryption of m. In order to decrypt this and obtain m, m = a/b*
is calculated.

Mix-Networks: Consider an input list (aq, ..., @,). A mix-network produces
an output which is a random (and secret) permutation of (a1?,...a,%), for a
given secret key x € Z,.

We will use a robust (i.e., such that it produces the correct output given an
honest quorum of participants) mix-network [10] decryption scheme, such as
[1,25,27).

2 This refers both to the transcript and the method of generating the transcript.
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The Digital Signature Standard (DSS): We use the DSS [7] (described
herein) as the underlying signature algorithm.

Key Generation. A DSS key is composed of public information p, ¢, g, a public
key y and a secret key x, where:

1. p is a prime number of length [ where [ is a multiple of 64 and 512 <[ < 1024.
2. q is a 160-bit prime divisor of p — 1.

3. g is an element of order ¢ in Z7.

4. z is the secret key of the signer, a random number 1 < z < g.

5.y = [¢°], is the public verification key.

Signature Algorithm. Let m € Z, be a hash of the message to be signed. The
signer picks a random number k such that 1 < k < ¢, calculates k! mod q
(w.l.o.g. k and k~! values compared to DSA description are interchanged), and
sets

The pair (r, s) is a signature of m.

Verification Algorithm. A signature (r, s) of a message m can be publicly verified

by checking that r = [[g™* Tsil]p]q-

Magic Ink Signatures

As the underlying signature algorithm we use the DSS. For simplicity, we only
show a single-server method for producing Magic Ink DSS signatures. Since the
privacy depends on the distribution of the signer, the latter must be distributed.
The real generation and tracing protocols are therefore distributed variants of
this protocol, in order to increase the availability and security of the system and
to introduce control (see [23]).

— —1
1. S generates a random secret session key, k €, Zy, and computes 7 = [g* ] .

2. The signature receiver R has a hashed message m € Z, that he wants signed.
He generates two blinding factors, a, 3 €, Z, and computes r = [[7”]
p=[mal,. and p = [ra],.

R sends (u, p) to the signature generating server S.

3. S produces a tag, which will be a function of the signature transcript, and
which uniquely identifies this. (We describe this step in more detail later).
This tag is used for tracing, in case of anonymity revocation.

Then, S generates the DSS signature o = [k(u + zp)], on the message p,
using the blinded public session key p. The server sends o to R.

4. The signature receiver R unblinds the signature: s = [ca~"37'] . The triple

(m,r,s) is a valid DSS signature on m.

k

P]Q’
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Tracing: There are three types of tracing we can perform:

1. From known signing session to signed message: The signature invari-
ant is calculated from the tag of a given session. This signature invariant
uniquely identifies the corresponding signature.

2. From known signed message to signing session: Given a signature, we
wish to find the corresponding signing session. In the first magic ink proposal
[21], this was done by computing a trace value that was compared to the tag
of each potential signing session. In this paper we suggest a more efficient
method for this type of tracing.

3. By comparison: The signature invariant of a given signature is compared
to the tag of a given session. The output is one bit, whether they correspond
to each other or not.

5 Owur Solution

Consider the tracing type 2 above, that is, from a given signature to the cor-
responding signing session. The idea is to introduce values that are voluntarily
submitted by the receiver and that can be used to very efficiently trace from a
signature to a signing session. The reason we say that these values, which we
call hints, are voluntarily submitted is that due to efficiency requirements, there
are no controls on their correctness. It makes little sense for a user to submit
an incorrect value, however, since the difference will just be whether the tracing
(if needed) will require a low or a medium amount of computational resources.
Also, even though an incorrect value will not be detected during the signing
(withdrawal) process, it will be detected by the mechanism for illicit signature
generation, after which the signature/coin can be traced and revoked, and the
user punished. Efficiently, this will make the cost for tracing logarithmic, even
though we rely on a fall-back to the linear-time tracing mechanism of the old
magic ink solution if the wrong hint value is submitted.

A hint can be thought of as an encryption of the signature the receiver
obtains, with the property that it is not possible for an adversary corrupting less
than a quorum of signer/tracer servers to compute the hint value corresponding
to a signature (and vice versa), while a quorum of signer/tracers can efficiently
compute the hint value given a signature. The signing process gives the receiver
the signature on a message, and gives the signers, among other things, the hint
value, which is stored along with other tracing values and the identity of the
receiver.

In order to trace from a signature to a signature session, a quorum of tracing
servers compute the hint value from the signature, and select the corresponding
record (from a list of sessions that has indices sorted with respect to hint values).
If no record is found, we use a fall-back to the linear search method described
in [23].

Our signature and hint generation method involves a proof of knowledge by
the receiver, to guarantee that the hint value submitted is not a function of
hints submitted in previous sessions. (If this were not checked then it would
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potentially undermine the privacy of other users.) We prove that the addition
of the hint value, the process to obtain it, and the other new additions to the
scheme do not negatively affect any desired protocol property.

The traditional way to distributively compute and verify the correct form
of a value such as the hint value involves sharing of the secret value submitted
by the receiver. This is found, however, to drastically increase the costs of the
proofs of partial correctness, and we instead take another approach, namely to
perform a computation on an encrypted transcript. Although this method is
not conceptually novel, it has been used only to a very limited extent, mostly
due to the difficulties of computing on encrypted data. We find that the type
of computation we need to perform here for the processing of the hint value
can be done very efficiently on encrypted data. This method might therefore be
of independent interest, and might be applied to similar situations in order to
boost the efficiency of other multi-party computations.

Note also that this new method does not affect in any way the resulting
signature: the signature obtained by the receiver is still a standard DSS signature
(on a message of a particular format.) We believe that this is an important point
in order to allow commerial use of the scheme, and to benefit from the careful
scrutiny of the DSS that has been performed. The only negative side-effect of our
new signature generation scheme, as far as we can see, is the nominal increase in
communication and computation of the parties involved, and the small increase
in the size of database that is kept by the signer/tracer.

6 Improved Distributed Magic Ink Signatures

Let us now consider a distributed version of the protocols previously presented.
Here, let @ be a quorum of ¢ servers in S ...S,. We assume that the message
m to be signed is of the form m = fM mod p for a generator f. Commonly, this
type of scheme is used to sign a public key, in which m is this public key, and
M is its corresponding secret key. (For messages M that can be guessed with a
non-negligible probability, an alternative form m = fi™ £, for a random R can
be employed.)

System initialization: The servers distributively generate a random secret z
for signature generation, using a (ts,n) secret sharing scheme, a random secret
x¢ for tracing, using a (t;,n) secret sharing scheme, and a random secret xj for
hint generation, using a (¢, n) secret sharing scheme. Each server S; publishes
his shares of the public keys y; = Yii = ””“‘]p, and yp; = [gzhi]p from
which y = [¢"],, ¥+ = [¢"], and yh Tg are interpolated (we refer to [30]
for a discussion of how thls is done.) Each server then proves knowledge of his
secret shares x;, xy; and zp; to the other servers; if some server fails, then he is
replaced and the protocol restarts. Finally, the signing public key y is published.

Session initialization: Before starting the signature generation protocol, the
receiver R has to send his identity id and a proof of knowledge of the se-
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cret key corresponding to id. The signers pick a session identification number,
sessionid = id||l, where [ is a number making sessionid a unique string.

Signature generation:

1. The servers prepare a temporary key pair:
(a) The set of servers S;|i € @ distributively generate the private session
key k €4 Zy4.
(b) Server S; has a share k; and publishes [g¥¢] iy

(¢) The servers compute 7 = [gkil] p» using the methods for computing recip-
rocals in [20].

(d) 7 is sent to the signature receiver R.

2. The receiver R wants a signature on the message m = [hM Jp-

(a) He generates two blinding factors, «, 8 €, Z,.

(b) He computes blinded versions of m and 7: p = [ma],, r = [[Fﬁ]p]q and
p=lral,.

(c) Using a (ts,n) secret sharing, he computes (u1, ... py) of u, with public
information (¢g* ... g#") and a (s, n) secret sharing (p1, . .. pn) of p, with
public information (yf* ...y{").

(d) He computes an ElGamal encryption of m w.r.t. the public hint key
yn: (a,b) = (mg”,y})., where v € Z,.

(e) He sends (u, pi,a,b) to signature generating server S;.

3. The tracing values and the signature are generated.

(a) The servers interpolate the tag, tag = ([g"],, [v/],)-

(b) After they have verified the correctness of the computation of (a,b) (for
which we present a robust protocol below), they robustly calculate the
hint value hint = a®* /b. If R did not cheat, this value equals m®".

(¢) The hint is stored in a record along with tag, sessionid and id.

(d) The set of servers S;|i € @ distributively generate the DSS signature o
on the message p, using the (shared) public session key p; o is calculated
as follows: S; generates o; = [k;(u; + zip;)],. Then, o = [k (u + zp)], is
interpolated from the o;’s using the method for multiplication of secrets
in [20].

(e) The servers send o to R.

4. The signature receiver R unblinds the signature: s = [oa~"'7"] . The triple
(m,r,s) is a valid DSS signature on m.

Hint-generation:

Let x, be a private key distributively held by the tracing servers; y, = [¢g*"], is
the corresponding public key.

1. The receiver calculates an ElGamal encryption of m: He chooses a v €, Z,
and calculates (a,b) = (mg”,y)) = (fMg”,y;). This pair is sent to the
servers.
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2. (a) The servers distributively compute hint; = a™" /b.

(b) In order to prove that every server has performed the correct exponen-
tiation the servers run a protocol for proving valid exponentiation, e.g.,
[12,32]. This is a proof that log,(hint;b) = log,(yn:) for a given quadru-
ple (a, g, (hint;b), yni)-

(¢) The servers compute hint as the Lagrange-weighted product of the shares
hint; of the servers in the quorum. (This value equals [m®*], if R did
not cheat.)

We also have to force the receiver to prove that a is computed the right way.
This can be done using the method described below:

Avoiding Subliminal Tracing

Attacks are possible if it is possible for an attacker to inject previously seen en-
cryptions, or functions of these, and observe what hint is produced. The potential
problem is if an attacker would use the hint-generation protocol as an oracle to
compute a hint of a seen signature. For example, assume an attacker could take
a value m’ of a signature he has seen ”"on the street”, encrypt this (claiming
to withdraw a new coin) and send (a,b) = (m’g”,y;) to the servers. Then one
dishonest server would watch to see what value hint = m’*" is produced: this
efficiently traces the value m/, because the dishonest participants get to know
the corresponding record of the signature. Therefore, the user has to prove that
he knows the format of the portion of the encryption that will be raised to the
xp, power. If he knows a representation, it cannot be a signature ”on the street”.

Our solution for the encryption need to satisfy plaintext awareness (The
best description of this concept is probably that of Bellare, Desai, Pointcheval
and Rogaway [2]). This guarantees that the receiver knows the plaintext, pre-
venting this attack. Note, though that this must be done without revealing any
transcript-specific information.

We do it by proving knowledge that (a,b) = (fMg7,)), without leaking
any information about the message m = f™. As mentioned above, we are only
concerned about the value a; if b isn’t of the right form that only would give us
a wrong hint-value.

Since the servers have to verify the computation of a in step 3b of the signa-
ture generation protocol, the receiver has to prove knowledge during step 2 and
step 3a.

1. Each verifier S;, ¢ € @ (which in our case corresponAds to a participating
signing server) selects a value €; €, Zg. S; publishes (fi, 3:) = ([f“],, [9],)
The pair (f,9) = ([[L;cq fi]p, [lico gi]p) is sent to the signature receiver.

2. The prover (in our case, the signature receiver) computes @ = [fM 9,
where M is the preimage of m and < is the blinding exponent chosen for

the ElGamal encryption. The prover sends a commitment com(a) to the
verifiers.
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3. Each verifier S; publishes his value ¢;, and € = [ZiGQ ei]q is sent to the
prover.

4. The prover verifies that (f,§) = ([f<],: [¢°],) and halts if this is not satisfied.
Otherwise, he decommits to his commitment of a to the verifiers.

5. Each verifier checks that a = [a] , and accept iff this holds.

Tracing

We recall that we have a secret key x for signing, a secret key x4 for tracing, and
a secret key xj, for generating the hint. Furthermore we have tag = ([g"],, [v/] g)
The three types of tracing are performed as follows:

1. From known signing session to signed message: (unchanged)
The pair (traceq,tracey) = (tag:,tags) is calculated by any size-(t; + 1)
quorum of holders of shares of x; . This pair is output. A certain signature,
described by (m,r, s), corresponds to the given tag if traceg"f1 =, tracey.

2. From known signed message to signing session:
Given a description (m,r, s), the tracing servers compute a value trace. =
[m®"] . Then they compare trace. with the stored hints.
If trace. =, hint for a particular record, then the signed message corre-
sponds to the signing session of this record.
If there is no such hint which equals trace., then the tracing servers have to
calculate (trace,, tracey) = ([taggmfl]p,tagb) for each potential withdrawal
session. Using a protocol for verification of undeniable signatures [12], they
verify whether logg(y:) = l0Gtrace, tracey, which holds if the signature corre-
sponds to the tag.

3. By comparison: (unchanged)
Given is a tag = (¢, y}) and a signature (m, r, s). The tracing servers calcu-
late (traceq, tracey) = ([mgg"fl]p, tagy). Using the protocol for verification
of undeniable signatures, we verify whether log,(y:) = logirace, tracey, which
holds if the signature corresponds to the tag.

7 Illicit Signature Detection

This section briefly presents our second result in this paper, which is a method
to detect that the secret signing key has been compromised.

We let the signers periodically blind all the hints for valid sessions, and, using
a mix-network, blind portions of the recently “deposited” signatures, and then
verify that each blinded deposited transcript corresponds to a blinded session
transcript. If there is any blinded deposited transcript that has no match, then
this is unblinded and traced. If, during tracing, a matching session is not found,
then the servers output “signing key compromised” as this signature cannot
have been produced by the signature servers. Otherwise, the signature simply
had an incorrect hint value submitted, in which case appropriate action is taken
to punish the withdrawer.
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We will now present the protocol in more detail:

1. As input the mix servers have a list (hinty,...,hintx), which have been
generated during signature generation protocols. A blinding exponent ( is
distributively chosen so that { = HiGQ (i, where (; is the share held by server

Si. The servers robustly compute (hint%, ceey hintﬁ().

2. (a) The servers have a list (mq,...,my) corresponding to the messages of
all the recently deposited signatures (i.e., those deposited since the last
run of the detection protocol.)

(b) They robustly blind this list with the same blinding exponent ¢ and get

(m§, .. .,mi).
(¢) The mix servers perform a miz-decryption on this list, resulting in a
~ A ~ xr
permutation of the list (hinty, ..., hinty), where hint; = (m;*)

3. All entries from the second list that exist as entries in the first list are re-

moved. Each remaining item hint; is unblinded by computing m; =

A1
hinti/(CZh). Each corresponding signature is traced using standard meth-

ods (see section 6). If the trace is successful, the receiver of the signature is
punished for having given the incorect hint value; if there is an unsuccessful
trace, then the servers output “signing key corrupted”.

8 Claims

We claim that our scheme achieves anonymity (Theorem 1), revokable anonymity
(Theorem 2), unforgeability (Theorem 3) and illicit signature detection (Theo-
rem 4). The theorems are sketched in the appendix. A full version of the proofs,
omitted due to space limitations, is available from the authors upon request, and
will be part of the second author’s Master’s thesis.
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9 Appendix

Theorem 1: Let D denote the dishonest signature servers, and H the honest
signature servers.

An adversary A, who controls any set of less than or equal to t; tracing dishonest
servers S; j € D and dishonest receiver R, cannot break the anonymity of the
signature scheme, i.e., he is not able to determine whether match(s, ) holds for
a particular pair (s, 7) with probability non-negligibly better than a guess.

Outline of Proof of Theorem 1: Employing an oracle for generating valid
DSS signatures, we provide a simulator S for all the protocols. Each simulation
generates transcripts that cannot be distinguished from the real protocol tran-
scripts by an adversary A as above. We then compose the individual simulations
to form a simulator for the entire protocol. We show that the adversary .4 cannot
distinguish the transcripts generated during the simulation from the transcripts
generated by a real protocol. ;From this we can conclude that the adversary
cannot break the anonymity of the scheme. This must hold since the adversary
can produce the same transcripts himself by the use of the simulator and the
simulator does not have access to the secret key for tracing. O
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Theorem 2: The system achieves revokable anonymity, i.e., any quorum of
honest tracing servers is able to perform the following actions: (a) Given a
valid message-signature pair described by s; and the list of all signer-side tran-
scripts (71, ..., Ty), select the value 7;, such that match(s;, 7;). (b) Given a valid
message-signature pair described by s; and one signer-side transcript 7;, deter-
mine whether match(s;, 7;) holds. (c¢) Given a signer-side transcript 7;, compute
a value trace; such that given trace; and a value s;, a third party can determine
in polynomial time, and without any interaction, whether match(s;, 7;) holds.

We refer to [23] for the proof.

Theorem 3: The system achieves unforgeability, i.e., an adversary A, who con-
trols any set of less than or equal to ¢; tracing dishonest servers S; j € D and
dishonest receiver R’, cannot generate a signature that gets accepted as valid.

Outline of Proof of Theorem 3: Assume the contrary. Then it must be pos-
sible to construct a valid signature given only the shares of the secret signature
generation key x held by the ¢; dishonest servers. Since the secret key has been
shared with a (¢, n) threshold scheme, it is not possible to reconstruct the secret
key with less the ¢t + 1 shares. Therefore A only has shares that are statistically
uncorrelated to the secret key, this would by a simulation argumentation imply
that valid signatures could be generated without any secret knowledge. O

Theorem 4: The system is detecting illicit signatures, i.e., the signer/tracer is
able to check whether there exist a signer-side transcript 7 such that match(s, 7)
holds.

Outline of Proof of Theorem 4: There are exactly three types of valid sig-
natures: (1) those with correct hint values, (2) those with incorrect hint values,
and (3) those with no hint values. For each signature the signature servers gen-
erate, a valid or invalid hint is produced (which one depends on whether the
receiver is honest or not) and stored in the signer database, to which all writes
are detected by the signers, and therefore, to which only the signers can write.
When a signature is generated by the adversary, no hint is therefore stored in
this database.

Each signature (m,r, s) with a valid hint can be matched to its singature session
by computing hint = m®", which can always be done by a quorum of servers.
This value identifies the signing session. Each signature with an invalid hint can
be matched to its signing session by finding a pair (tag,, tagy) in the signer data-
base, such that mga”’f1 = tagp. This pair, which again identifies the session, is
robustly computed during the signing session, and so, must exist in the database
for valid signing sessions. An illicit signature has no session record stored. It is
not possible to produce a valid signature (m, r, s) on a known preimage M such
that this record matches a recorded hint value or tag value. The former holds
since the hint value determines the message m, and therfore also M; the latter
holds since a given triple (m, tag,, tagy) determines the value r, which would pre-
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vent a valid signature to be produced (we refer to a description of DSS for this.) O
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