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1    Introduction 

For many mission-critical applications, different modes of operation are applicable in dif- 
ferent circumstances. Therefore, systems implementing such applications must be capable 
of adapting to and responding to events and changes in the operational environment. To 
accomplish this, a system often must make dynamic trade-offs in meeting its various objec- 
tives, including security, integrity, timeliness, availability, fault tolerance, and safety. For 
instance, after evaluating a situation and determining that the mission benefit outweighed 
the security risk, a commander might transmit sensitive information in the clear when no 
secure communication line is available. 

To achieve multiple critical system objectives with a high degree of assurance, each of these 
objectives must be considered in the overall system security policy, so that they are consid- 
ered in a unified context and framework, and trade-offs can be made when various require- 
ments conflict. In previous work, such as the Secure Alpha project [2], the system design 
explicitly recognizes the potential for conflicts and trade-offs between two system objectives: 
namely, real-time and security. 

However, such a system usually considers a very small number (usually two) of conflicting 
requirements. Whenever another requirement becomes a significant factor, the whole model 
and system policy have to be reworked. In addition, such a system tends to consider only 
the specific requirements (and trade-offs) present in that system, with the consequence that 
the results cannot be easily extended to include additional requirements or to apply to other 
systems. For example, the control of trade-offs is often "hardwired" into system code so that 
any modification requires a significant amount of effort. 

This final report summarizes our effort in addressing the above issues. Specifically, we 
propose a more general framework within which multiple critical system properties can be 
jointly considered. The framework includes components for the following functions: specify- 
ing multiple requirements, checking the feasibility of the requirements, assigning priorities, 
and resolving conflicts, and consists of five major steps: (1) establishing policy goals, (2) 
establishing system constraints, (3) deciding feasibility of goals, (4) providing directions for 
trade-offs, and (5) realizing trade-offs. Our approach is generic because the trade-offs and the 
rules will typically be application specific. We use examples, with specific conflict resolution 
rules, to illustrate how the framework can be useful. 

Our framework can be utilized in a number of ways, the most significant being the following. 

• Construct a tool for system analysis and simulation so that 

— Potential conflicts and trade-offs can be discovered at design time 

— Trade-off strategies can be tested by simulation or analysis 

— Important design decisions can be made with these conflicts in consideration. 



• Implement a generic controlling module that can realize many types of security policies 
and can be plugged into existing and future systems. 

The rest of this report is organized as follows. We first give an abstract description of our 
framework and describe the specification techniques that we often use in the framework. 
After that, we study three examples to demonstrate the use of the framework. We conclude 
with a summary and suggestions for future work. 

2    Project Objective 

As we argued in the previous section, systems currently under development tend to pay little 
attention to adaptivity and its implications for security - in particular, the necessary trade- 
offs between security and various other critical system properties. Moreover, the investigation 
into potential conflicts in system requirements is usually very limited in scope, and the 
mechanisms to deal with such conflicts are usually difficult to extend to handle additional 
requirements or to generalize to different systems. Therefore, this project's objective is 
to propose a general framework within which multiple requirements can be expressed in a 
uniform fashion and the trade-offs between them can be studied with systematic methods. 

Recall that an adaptive system may experience many different modes of operation and may 
be constrained by unexpected environmental factors. Therefore, a general framework in 
which to consider the conflicts and trade-offs between various critical system requirements 
must be 

• Extensible, so that adding another requirement is easy 

• Generic, so that adding another type of requirement is easy 

• Flexible, so that the framework can express a wide range of system requirements 

• Heterogeneous, so that the requirements can be qualitative and/or quantitative 

• Tractable, so that requirements can be evaluated systematically and efficiently. 

Within this framework, a requirement can specify that a hard deadline must be met, and can 
be expressed in quantitative terms. A requirement can be "soft" or "hard". For example, the 
network delay for a particular environment is fixed, and is thus a non-negotiable constraint. 
The fault tolerance level of an operational environment is on the other hand a soft constraint, 
i.e., a negotiable one, because it is possible to change (weaken) this requirement if the given 
system configuration cannot meet it. 



Constraints and requirements can be qualitative as well as quantitative because sometimes 
we cannot express a qualitative rule (for making trade-offs) in quantitative terms. For 
example, there might be a rule that when security and availability are in conflict, availability 
takes precedence over security. Such a rule may be captured in the evaluation and decision 
procedure, but may or may not be recast accurately as a quantitative requirement. 

To summarize, the framework, as illustrated in Figure 1, must enable us to translate spec- 
ifications, constraints, and objectives (or goals) - for example, of systems, environment, 
and applications - into mathematical formulas, so that we can use systematic methods to 
examine them, to detect conflicts, and to evaluate the feasibility of trade-offs. 

user input 

constraints and goals formal representation 

optimization detecting conflicts 

resource manager 

Figure 1: A General Framework 

3    Framework Description and Usage 

Our framework, which is the process of analyzing the target system and of obtaining a 
specification of the system security policy, involves five important steps. 

Step 1 (Establishing Policy Goals)   Understand and write down system requirements in 
precise, mathematical and logical terms. 

For example, it is insufficient to require that a file system to respond "fast". A more precise 
statement is that "a read access is serviced within 30ms", or time_to_read < 30ms. If the 



real-time requirement may differ from 30ms, the bound should be replaced by a variable, 
which is substituted for each instance of the application. 

Another example is a limit - an upper bound - on the covert-channel bandwidth. For a 
particular application, the requirement may be bandwidth < 0.001bps (bits per second). 

Step 2 (Establishing System Constraints) Understand and write down the target sys- 
tem characteristics that are directly or indirectly related to and can affect the realization of 
the policy goals. 

For example, the completion speed of a network protocol involving multiple hosts (and 
hence hops) may depend on the actual number of hosts involved. In other words, a possi- 
ble constraint is that protocoljfinish_time > a + b x n, where a and b are constants. 
This constraint may affect the realization of the policy goals because of another constraint: 
task_completion_time = protocol _finish_time + .... 

Step 3 (Deciding Feasibility of Goals) Use mathematical methods to seek a feasible so- 
lution of policy goals under the given system constraints. 

Given a precise definition of the policy goals and the system constraints, we conform and 
extend them to a set of mathematical equations and use standard methods to decide if there 
is any solution. (More details in the next section.) A solution implies that the multiple policy 
goals can in fact be satisfied under the current system constraints. A verdict of no solution, 
on the other hand, indicates that to complete the task, either some policy goals must be 
weakened or the system constraints must be altered by changing system configuration (e.g., 
adding hardware to improve performance). 

Step 4 (Providing Directions for Trade-offs) Specify rules and priorities of trade-offs 
between potentially conflicting policy goals and system configurations. 

When some policy goals conflict with each other or are incompatible with (i.e., unrealizable 
in) the current system, we must identify ways to resolve the conflict. In the former case, it is 
desirable to specify which goal should be sacrificed first, and by how much. For example, if 
time_to_read < 30ms cannot be satisfied (e.g., due to conflicting covert channel bandwidth 
constraint), we can choose to weaken it to time_tojread < 60ms, instead of relaxing security 
requirement. In the latter case, if the reason of conflict is slow hardware, we can improve the 
system construction to maintain the same goal as before, i.e., time_to_read < 30ms. Such 
trade-offs rules and priorities must be specified in suitable mathematical forms for automated 
manipulation. More details are given in the next section. 



Step 5 (Realizing Trade-offs) Use mathematical methods to seek a feasible and perhaps 
the best solution of policy goals under the given system constraints, following the trade-off 
rules. 

Given a set of policy goals, a set of system constraints (some of which can be improved), 
and a set of trade-off rules, we can use mathematical tools, such as linear programming, to 
obtain (the best) trade-offs between critical system requirements. 

Table 1 summarize the major steps of our framework. In the next section, we provide more 
details on the methods and techniques of specifications. 

Step 1 Establishing Policy Goals 
Step 2 Establishing System Constraints 
Step 3 Deciding Feasibility of Goals 
Step 4 Providing Directions for Trade-offs 
Step 5 Realizing Trade-offs 

Table 1: Major steps of the framework 

4    Expressing Policy Goals and System Constraints 

Our approach is to model the system requirements with m equations: 

au x xi + a12 x x2 + ■ ■ ■ + a\n x xn — bx 

a2i x xi + a22 x x2 + ■ ■ ■ + a2„ x xn — b2 

ami x xi + am2 x x2 + • • ■ + amn x xn = bn 

Xi > 0,   « = 1,2,. ,n 

Sometimes we represent this set of equations simply as A • x = b. We need to determine only 
whether the set of equations has feasible solutions. If so, the requirements can be satisfied. 
If not, the requirements contain conflicts that must be resolved. 

Although rc/s are restricted to non-negative values, and we write equations and not inequal- 
ities, it is easy to see that these restrictions do not limit the scope of the application [21]. 
For example, given a requirement of the form 

J        a x x — b 
1  x is unrestricted 
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we can introduce two new variables x' and x" and rewrite the above as the following require- 
ments: 

f ax{x'- x") = b 
|        x', x" > 0 

Similarly, a requirement of the form 

can be rewritten as follows: 

a X x <b 
ex y >d 

' a x x + x' = b 
x'>0 

cxy + y' = d 
y'<0 

When we further restrict some variables to non-negative integer values, we can capture 
a wider range of requirements. For example, to express the following logical relationship 
between the values of two variables, 

if x > a then y > b 

we can write an equivalent set of requirements as follows: 

x < z x a 
y > (1 - z) x 6 
1 > z > 0,    z being integer variable 

Similarly, to express the relationship: 

either x = a or x = b 

We can write equivalently as follows: 

x = zxa + (l — z) x b 
1 > z > 0,    z being integer variable 
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If the requirements do not exhibit conflicts, there may be more than one feasible solution. In 
this case, one solution may be more attractive than another, based on a certain cost criteria, 
say a "cost" function. Suppose that the smaller the cost, the better the solution, then we 
can reformulate our requirement and add a new goal to minimize the cost, thus forming a 
linear programming problem [22, 21]. 

minimize cost(x) 
A- x = b 
x>0 
A being a matrix and x being a vector 

Note that maximization can be expressed with minimization, since maximizing cost(x) is 
equivalent to minimizing — cost(x). An example of the optimization problem is the following. 

minimize X\ + 2^2 + 5^3 
x\ + x2 + x3 = 9 
#i — X2 < 5 
x1,x2,x3 > 0 

Sometimes, such an optimization technique can be used to capture trade-off rules. For 
example, suppose that there is a rule that security takes priority over performance, which 
means that the execution time (denoted as exectime) for a task need not. be strict if 
security is at risk, but the smaller the delay, the better. We can encode this flexibility of 
performance requirement as follows. Suppose that b is the original deadline. Then we can 
replace exectime < b with 

minimize z 
exectime < b + z 
z>0 

The above problem formulation allows the execution time to be greater than b, but also 
strives to minimize any delay beyond time b. Suppose that there is also an upper limit (&') 
on how slow the execution can be, we can add another constraint of the form z < V — b, as 
follows. 

minimize z 
exectime < b + z 
z<b'-b 
z>0 



Suppose that another rule states that availability takes priority over security. This means 
that the security level t is to some extent flexible. Suppose that / is the minimum security 
level. Then we can replace a constraint t > f with 

maximize w 
t = f + w 
u;>0 

Moreover, rules can be assigned with priorities, so that when a conflict exists, certain rules 
are exercised first; and if conflicts still cannot be resolved, then more rules are activated. 
Suppose that we need to express the fact that it is desirable that minimizing z has priority 
over maximizing w. Given a sufficiently large positive number M, we can reflect the above 

priority in the following requirement: 

minimize (M x z - w) 
execjtime < b + z 
t = f + w 
z>0 
w>0 

Because of M, the optimization tends to increase w as much as possible first, while keeping 

z to the minimum. 

To summarize, given that the requirements can be expressed as a set of equations, we can 
detect conflicts in the requirements by attempting to solve these equations. If there is a 
solution, then there is no conflict. Otherwise, trade-offs are necessary to resolve the conflicts. 
Rules for resolving conflicts can sometimes be interpreted as optimization goals. 

There exists a rich body of work on determining whether a set of equations has feasible 
solutions. For example, when the equations are linear equations over real variables, we 
can use the standard Gaussian elimination method to check for any conflict between the 
requirements. When the equations are linear equations over integer variables, the integer 
programming problem is known to be NP-complete. Here, the method by Shostak [25, 26] can 
be used, among others. Some of these methods are also available as part of the well-known 

theorem-proving system PVS [20]. 

When there is conflict, trade-off rules encoded into requirements can take effect. For solving 
the general optimization problem, many linear (and possibly integer) programming tech- 
niques exist [12, 21, 22]. The best known is perhaps the Simplex method of Dantzig [6]. In 
this method, it is possible to set up the algorithm so that one variable is optimized while 
another is fixed - a useful way to implement trade-off rules with priorities. The worst-case 
complexity of the Simplex method is exponential; but in most cases, as extensive experience 
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in this field shows, the Simplex method is remarkably effective even for large problems. Al- 
though the problem of linear programming has been proven to be in P [8, p.339], the most 
effective algorithms seem to be variations of the Simplex method [12, 21, 22]. 

5     Case Study I: Security and Real Time 

A real-time system attempts to manage its resources so as to satisfy the timing constraints 
imposed by an application, while security requires the separation and encapsulation of re- 
sources for access control. Given a set of tasks with predetermined interactions, and assuming 
that the system does not overload, these tasks - typically having different security levels - 
can have their timing constraints satisfied and at the same time be prevented from interfering 
with one another (thus creating covert channels). The Secure Alpha project [2] addresses 
such applications, which are inherently multilevel in nature but are also required to provide 
timely responses, even in emergencies and overload situations. These exceptional situations 
cannot be avoided, because the system must be able to respond to an unpredictable environ- 
ment. These situations, however, can bring about covert channels, as illustrated in Figure 2, 
where two jobs competing for resources are submitted at the same time for scheduling. 

high-level object 

Job scheduler 

(mis) 

resources 

low-level object 

Figure 2: Security and Real Time 

Because of limited resources, the scheduler cannot allocate resources to both jobs at the same 
time.   If the high-level job is not allocated resources and is delayed, its timing constraint 
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may not be met. On the other hand, if the low-level job is delayed, then the low-level job 
can learn of the existence of the high-level job, and thus, a covert channel exists. In fact, all 
typical real-time scheduling policies - such as static priority, earliest deadline first, and best 
effort - can be exploited to covertly pass information across security levels [2]. Therefore, 
in step 1 of our framework, we can identify the policy goals to be maximizing its return in 
quick system response while keeping the covert-channel bandwidth low. 

Step 1: 

Policy Goal 1 
Policy Goal 2 

max imize time-value-function f(schedule) 

bandwidth < limit 

Note that Secure Alpha uses a best-effort scheduling policy, which associates a value with 
a single computation that is a function /() of the schedule, which determines when the 
computation completes. Therefore, the overall system goal is to maximize this time-value 
function while maintaining the limit on the covert-channel bandwidth. 

In step 2, the internal knowledge of Alpha tells us that the covert-channel bandwidth depends 
on the particular schedule of tasks. In other words, for a suitable function g(): 

Step 2: 

System Constraint | bandwidth = g(schedule) | 

Theoretical examination easily shows that it is not always possible to meet the policy goals 
under the system constraint (step 3). In addition, actually experiment suggested that this 
is the case even with quite modest goals and constraints [2]. 

Therefore, there must be trade-offs between security and real time, e.g., between covert- 
channel bandwidth and real-time constraints. Secure Alpha employs the following solution. 
When a mission can meet all timeliness requirements, then security risk can be limited by 
restricting the bandwidth of the covert channel. If the mission is jeopardized, for example, 
in part by covert-channel countermeasures, the countermeasures can be relaxed in a well- 
defined and controlled way to decrease the risk of overall mission failure, as follows. The 
system dynamically measures the covert-channel bandwidth to assess the system security 
risk, with an upper limit on the bandwidth according to the security policy. This arrange- 
ment allows the system to adapt to the current situation (but within limits), in that a low 
bandwidth indicates that the system would be able to tolerate an additional signal, while a 
high bandwidth indicates that the system would need a compelling reason to accept more 

security risk. 
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In other words, the priority is given to maintaining the limit on covert-channel bandwidth, 
and the real-time response goal can be sacrificed. In our framework, this trade-off can be 

formulated as follows. 

Step 4: 
maximize time - value - function f (schedule) 

bandwidth = g( schedule) 
bandwidth < limit 

Here, this (linear programming) problem is solved whenever a new schedule is calculated. 
A schedule that cannot satisfy all the constraints will be discarded. By the nature of lin- 
ear programming, condition bandwidth < limit is maintained, and time-value-function 
f (schedule) is maximized under this system constraint. 

In the above trade-off, bandwidth < limit is fixed. It is possible to relax this constraint 
and introduce another trade-off factor by allowing the bandwidth to be flexible within a 
range. In other words, a revised policy, as formulated below, is not merely to keep the 
covert-channel bandwidth within the allowable limit, but also to attempt to keep it to a 

minimum. 

Step 4 (new): 
maximize time — value — function f(schedule) 

minimize z 
bandwidth = g(schedule) 
bandwidth < limit + z 
z < range 

Here, the absolute upper-bound on the covert-channel bandwidth is no longer limit but is 
limit+range. However, an additional policy goal, minimize z, is introduced to minimize 

the bandwidth. 

In Secure Alpha, the trade-off policy as formulated in step 4 is encoded in a resolution 
module [2]. This process corresponds to step 5 (the last step) in our framework. 

6    Case Study II: Security and Availability 

In this case study, we first motivate the trade-offs between security and availability in net- 
work authentication. We then review distribution authentication protocols and apply our 

framework to show how the trade-offs can be handled. 
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6.1    Motivation 

Authentication is a process by which one party (e.g., a user, a computer) establishes its claim 
of identity to another party. In mutual authentication, pairs of parties satisfy each other 
about their identities. Typically, an authentication server provides authentication service 

via an authentication protocol. 

An authentication service is fundamental in maintaining security in a distributed system, 
because identification is essential to any and all enforcement of any security policy, as well 
as administration activities such as accounting and audit. This service is therefore a security 
bottleneck; once it is compromised, no security can be guaranteed. In an open environment, 
an individual server may not be completely and permanently trustworthy. A benign server 
could fail or make mistakes; a compromised one could behave maliciously by leaking client 
keys or by deliberately sending bogus messages. Moreover, a centralized service could not 
support activities such as internal auditing, for no one would be in a position to guard the 

guards. 

The authentication service is naturally also a performance bottleneck, because many activ- 
ities cannot proceed unless the identities of those involved can be satisfactorily established. 
For example, authentication must be available whenever a user starts a new session, or ex- 
ecutes a protocol such as rlogin, ftp, or telnet. The service is also used quite often by 
system utilities. One machine may need to connect to a network server to retrieve electronic 
mail messages every five minutes throughout the day. A failure of the authentication server 

would be very disruptive. 

A desirable authentication service, therefore, should be highly available and highly secure 
at the same time. There are a number of ways to increase the availability of the service. A 
common approach is to replicate the authentication server so that any one of several servers 
can perform authentication. However, this approach reduces the level of security in that if 
one server is compromised, security is compromised. Another way to increase availability is to 
reduce dependency on the service. For example, a server could issue a certificate that is valid 
for a period of time, during which there is no need to further contact the server. However, 
this scheme also degrades the level of security in that a certificate is hard to revoke, once it 
is issued. The longer a certificate can remain valid, the better it is for service availability, 
but the worse for security. As we will discuss later, replication is also useful in dealing with 
untrustworthy servers to increase the security of the authentication service. However, simple 
replications also suggest a trade-off between increasing availability and increasing security. 

A solution has been proposed, called a distributed authentication protocol [10], in which the 
authentication server is replicated in such a way that multiple servers share the responsi- 
bility of providing the authentication service and a minority of compromised servers cannot 
compromise the service through malicious behavior and collusion. The protocol is similar to 
the Needham-Schroeder authentication protocol [17], but is different in that a set of servers 
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provide a distributed authentication service, with each server providing only a fraction of the 
authentication. The protocol has the following properties: fewer than a threshold number of 
colluding servers cannot compromise security, e.g., by leaking information about the session 
keys; service is available if a threshold number of uncompromised servers are operational. 
Adjusting the thresholds can explore the trade-off between availability and security. 

server 1 

server 2 

server 3 

Figure 3: Security and Availability 

As shown in Figure 3, two clients A and B attempt to authenticate each other using some 
of the n authentication servers located throughout the network. The objective is to main- 
tain sufficient security and sufficient availability while minimizing the cost of executing the 
protocol. 

6.2    Background on Distributed Authentication 

We first examine a protocol that is similar to the Needham-Schroeder protocol [17, 18], with 
messages packaged in the style of Otway-Rees [19]. Client A (or B) exclusively shares a 
secret key Ka (or Kb) with the trusted authentication server S. By executing the following 
protocol, A and B intend to establish a session key Kab. We use A -> B : m to denote that 
A sends message m to B. Let {m}k denote m encrypted with key k, and (ml,m2) denote 
concatenation. A typical centralized mutual authentication protocol is as follows. 

1. A-*B : A,B,na 
2. B^S:A,B,na,nb 
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3. S'->B: {B, na, Kab}Ka, {A, nb, Kab}Kb 

4. B -> A : {B,na,Kab}Kai{na}Kab,rib 

5. A -+ B : {nb}Kab 

In message 1 (or 2), A (or B) generates a random number na (or nb) as a challenge, known 
as a nonce. S generates a session key Kab and distributes it to A and B in message 3. S also 
encloses the nonces in the reply so that A and B can verify that the reply is fresh. Finally, 
A and B complete a handshake to inform each other that the correct session key has been 

received. 

Next, we recall a distributed authentication -protocol. Suppose n servers, Si,...,Sn, collec- 
tively provide an authentication service. We assume that a client (say A) registers a different 
key Kai with server Si. Client A can derive these keys from a master key Ka. For example, 
if h() is a suitable one-way hash function [7, 16], then A could register key Kai = h(Ka, Si) 
with server Si. This arrangement gives extra security since one server (say Si) does not 
know A's other keys (Ka, Ka2,..., Kan). 

To prevent information leakage, a session key must not be generated by or known to a single 
server. In fact, there is a major difficulty in letting servers involved in choosing the key. 
Because A and B do not have a secure communication channel for verification purposes 
before authentication completes, clients cannot easily reach an agreement on what they have 
received from which servers. Therefore, we let both clients participate in choosing a session 
key; one may not trust the other's competency in this aspect. Although must be capable 
of generating good random numbers, a client concerned about key quality can require a few 
candidate keys generated by the servers or other sources and select one or exclusive-or some 
of them. The exclusive-or of all candidate keys will be a good key as long as at least one 
candidate key is good (presumably chosen by a uncorrupted server) even if some candidate 
keys are suspect. A preliminary version of the new protocol is as follows. 

1. A-*Si: A,B 
2. Si —» A: nsi 
3. A-^B: A,B,na,nsi,{A,B,nsi,Xi}kai 
4. B -> Si: A, B, na, nb, {A, B, nsi, Xi}kai, {B, A, nsi, y,} 
5. Si -> B: {B, na, yi}kai, {A, nb, Xi}ku 
6. B-* A: {B,na,yi}kai,{na}Kab,nb 
7. A -4 B: {nb}Kab 

Each participant generates a nonce (nsi for Si, na for A, and nb for B), which is later included 
in encrypted messages (3 though 7) addressed to the participant so that the freshness of the 
messages can be established [18]. With messages 1 and 2, A obtains a nonce from each 
server. A chooses a candidate session key x and computes ftiTl(x,i) for each server S{. Here 
ftin() is a threshold function [13] that produces n shadows of x in such a way that it is easy 
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to recover x from any t shadows, but less than t shadows reveals no information about x. We 
will explain this function later. In message 3, A sends one shadow to each server. In fact, A 
sends to B the shadows which are later forwarded to the servers. Similarly, in message 4, B 
selects y, computes the /,,„(y,i)'s, and sends one shadow to each server. In messages 5 and 
6, Si essentially acts as a broker for A and B to exchange shadows x, and y,-. After messages 
ö' and 6, B computes x from the x.'s and A computes y from the y.'s. Then they both 
compute session key Kab = g(x,y), where g{) is a pre-determined one-way hash function, 
and complete a two way handshake. 

To see how /t,n() works, we describe Shamir's secret-sharing scheme [24], which is based 
on polynomial interpolation. To compute ft,n{x,i), A chooses a random (t - 1) degree 
polynomial p(x) with p(0) = x. A then computes s,- = /t,„(x, z) = p{i), i = l,...,n. Due to 
the property of interpolation, given any t of the x,-'s, B can easily determine p{) and recover 
x = p(0). With less than t shadows, no information about x can be determined. The time 
complexity to compute n shadows is 0{ni). The time complexity to recover x is O(*log2i). 
Using such a threshold scheme effectively prevents fewer than t compromised and colluding 
servers from leaking information about the session key, because they cannot gather enough 
shadows to recover x or y. In fact, they have absolutely no information about Kab. 

The use of g() ensures that as long as one of x and y is carefully chosen (e.g., random, never 
used before), Kab is likely to be a good key. More subtly, g() prevents A or B from forcing 
a session key. To illustrate, suppose that g() is replaced with an exclusive-or operation. 
After message 5, B knows x, and can reconstruct and retransmit another message 4 in which 
y' replaces y. B can choose y' to be the exclusive-or of x and the session key B wants. 
Similarly, A could intercept message 5 and send a new message 4 with x' to force a session 
key A wants. The use of g() prohibits such activities. A or B can still select a session 
key through exhaustive search. To make this selection more difficult, the computation of 
g() can include other information such as the participants' identifiers and the date. These 
considerations are important when a number of participants make collective decisions. 

The execution of the protocol is aborted if an expected message does not arrive within a 
time-out period. An exception to this rule is message 5 (or 6). There, B (or A) waits 
for no longer than the time-out period. If B (or A) can recover x (or y) from the messages 
already received, B (or A) proceeds. Otherwise, B (or A) considers the authentication service 
unavailable. The length of the waiting period could be set to suit a particular environment. 

A and B cannot detect illegitimate messages, however. For instance, suppose n = (2t - 1), 
then (t - 1) colluding servers cannot learn any information about x or y. Nevertheless, when 
(t - 1) servers send bogus shadows or faulty messages, every set of t shadows B (or A) 
receives may recover a different x (or y) value. In this case, A (or B) has no way to verify 
the legitimacy of the shadows, i.e., to determine whether the shadows received are indeed 
what B (or A) sent. Again this is because that before authentication completes, A and 
B do not have a separate secure channel to verify the legitimacy of the shadows.  In fact, 
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they may never have such a channel if the service is bogus. In theory, A and B could try 
handshakes with all possible session keys derived from all combinations of the shadows until 
a dialogue is successful. This may not be secure in that a wrong combination may result in a 
cryptographically weak key that could be explored by malicious servers. Also this may not be 
practical if the number of combinations is large. Moreover, it is more economical if A and B 
can determine Kab without exchanging many messages. Therefore, for verification purposes, 
more redundancy of the shadows must be provided together with the shadows themselves. 
Shadows give A (or B) enough information to retrieve y (or x). Extra redundancy of the 
shadows tells A (or B) how to retrieve y (or x). This is in fact an authentication of the 
servers' behaviors, which would be impossible in a centralized approach. 

The requirement of the additional redundancy is closely related to the concept of verifiable 
secret sharing, which is a scheme for some parties to securely share a secret by keeping 

different shadows, yet it is possible to verify that a shadow is legitimate. Some proposed 
schemes (e.g., [5]) are not very suited to the application here because they use many rounds of 
messages and usually require all participants' cooperation to complete the protocol. We now 
introduce a cross-checksum scheme as a suitable alternative. Informally, a cross-checksum 
scheme supplies checksums together with messages in a manner that it is possible to verify the 
authenticity of the messages by cross checking the checksums. We define cross checksums for 
x and y as cc(x) = (flr(xi),.. .,g(xn)) and cc(y) = (g(yi),.. .,g(yn)), respectively, where g() 
is a one-way hash function. By replacing x; and ?/,- with (x,-, cc(x)) and (j/,-, cc(y)) respectively 
in the preliminary version of the protocol, we obtain: 

A Distributed Mutual Authentication Protocol. 

1. A-*Sii A,B 
2. Si —»■ A: nsi 
3. A —> B: A,B,na,nsi,{A,B,nsi,Xi,cc(x)}kai 
4. B -» St: A, B, na, nb, {A, B, nsi, x,-, cc(x)}kai, {B, A, nsi, yu cc(y)}kbi 
5. Si -> B: {B, na, y{, cc(y)}kai, {A, nb, xt-, cc(x)}kbi 

6. B -> A: {B, na, y{, cc(y)}kai, {na}Kab, nb 
7. A -+ B: \nb}Kah 

Adding the cross checksums does not degrade security because g() is a one-way hash function 
(e.g., [16]). We require that given a number of pairs z's and g(z)'s, it is computationally 
infeasible to compute k from g{k,x) and x. Moreover, because of the birthday paradox, if 
g() is used in a sufficiently large amount of messages, malicious servers would be able to find 
Xi's that match the cross checksum cc(x) by looking up a dictionary of past messages. To 
defeat this birthday attack, the life time of g() must be limited according to the properties 
of the particular function. Requirement for h() is similar. In fact, h() and g() can be the 

same function. 
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Since a legitimate message contains legitimate shadows and legitimate cross checksums, and a 
good (i.e., uncompromised and not faulty) server sends only legitimate messages, A and B can 
efficiently identify legitimate shadows, provided that more than half of the messages received 
are legitimate. The algorithm is defined as follows. For every g(xj) in cross checksum cc{x) 
received from Sh if x3 is also received from Sh B recomputes g{x,) from Xj and compares 
it with the received g{Xj). If the two are identical, Xj is given one credit point, or rather, 
Si gives Sj one point. After all such checks are done, legitimate shadows are those from the 
servers which have the highest credit points, if more than half of the servers are good. To 
prove this algorithm correct, observe that server Sj gets a credit point from a good server 
Si if and only if S/s shadow is legitimate. Since good servers give credits to good servers 
and they outnumber the bad ones, servers which send legitimate messages will receive more 
credit points. This algorithm computes 0(n2) one-way hash functions and comparisons. 

In the protocol, after message 5 (or 6), B (or A) first identifies the legitimate shadows with 
which to recover x (or y), and then computes g{x,y) to obtain the session key. B (or A) 
considers the service unavailable if x (or y) cannot be recovered, i.e., when less than t servers 
get more than t credit points. Let uc,fs,nfs,c denote, respectively, the numbers of servers 
that are uncompromised and operational, failed and fail-stop, failed but not fad-stop, and 
compromised. Then uc + fs + nfs + c = n. The above proof shows that the service is 
available if uc > max{t -l,nfs + c), where typically t could be set to t = nfs + c + 1. When 
shadows and checksums in faulty messages can be assumed to be random and unknown to 
the colluding servers, these messages are unlikely to increase the credit points of servers 
which send illegitimate messages. In this case, the service is available if uc > max(t - l,c). 
When c<t, malicious servers may cause denial of service but cannot compromise security. 

When a small number of servers are compromised, A and B may detect message losses or 
illegitimate messages. They could report such observations to the appropriate authorities so 
that suitable actions, such as inspecting suspect sites, repairing failed servers, and cleaning 
up compromised ones, can be taken. A client may need to change password when the 
accumulated total number of compromised servers since last password change is close of the 
threshold t. If the service is unavailable, A and B may have to try again. 

6.3    Applying Our Framework 

To apply our framework, let us use the following notation: 

n - number of authentication servers 
r - number of rounds for authentication 
d - message delivery time 
t - security level of distributed authentication 
secjreq - security requirement of the environment 
b - real-time-requirement 
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exectime - actual time to complete authentication 

Using this notation, we can characterize the authentication system as follows. (This char- 
acterization is partial and captures only sufficient detail for our purposes.) In step 1, we 
express the policy goals that authentication has to be fast and also secure. 

Step 1: 

Policy Goal 1 exec_time < b 
Policy Goal 2 secjreq < t 

Goal 2 says that the actually security level provided is not lower than that required. Next, 
we analyze the relevant system constraints. Let d denote the message transmission time 
between any two nodes (assuming for convenience that the nodes are all uniformly located 
throughout the network). 

Step 2: 

System Constraint 1 exectime = r  x  d + 0(nlog  (t)) 
System Constraint 2 2   x  t + 1  < n 

The two constraints are non-negotiable properties of distributed authentication. The first re- 
flects that the time to complete the protocol is the time of the many rounds of communication 
with the servers (including the time for a full handshake) plus the computational complexity 
at the end nodes. The second is that the corruption of up to half of the operational servers 
can be tolerated [10]. 

We can see from the requirements that the time limit on protocol execution may conflict 
with the security level requirement. When t increases, the execution time also increases 
and may exceed the limit b. To decide the feasibility of constraints, we form the following 
programming problem in step 3 of our framework. 

Step 3: 
exectime < b 
sec_req < t 
exectime = r x d + 0(nlog(t)) 

t 2 X t + 1 < n 

Given the potential for conflict, a trade-off rule is needed. A common rule is that security 
takes priority over performance - that is, one is willing to concede performance to maintain 
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security. This rule can be encoded as a requirement by moving policy goal exec_time < b 
into a (negotiable) system constraint and relaxing it with exectime < b + z, and then 
adding a new goal to minimize z. 

Step 4: 
minimize z 
sec_req < t  
exectime < b + z 
exectime = r X d + 0(nlog(t)) 
2 xt+1 < n 

It is also clear from the requirements that availability and security may conflict. For example, 
given a fixed number of servers, requiring a security level of t means that 2i +1 servers must 
be operational for the authentication service to be available. However, if some servers have 
crashed (e.g., because of power failures) or network links have been severed, the total number 
of available servers is reduced to the extent that security level t cannot be maintained. In 
this situation, there are two choices. One is to keep the same security level and tolerate 
unavailability (i.e., the programming problem has no solution); the other is to lower the 
security level as a means to increase service availability. For certain systems, a new trade-off 
rule may be that availability takes priority over security - in other words, the security level 
becomes a negotiable requirement. This rule can be encoded by moving policy goal secjreq 
< t into a (negotiable) system constraint and relaxing it with sec_req < t - w, and then 
adding a new goal to minimize w. We assume that / is the absolute minimum security level. 

Step 4 (new): 
minimize z 
minimize w 

f < sec_req < t — w 
exectime < b + z 
exec_time = r x d + 0(nlog(t)) 
2 xt+1<n 

In addition, if the first rule takes precedence over the second rule, we can encode such 
priorities as follows. Let M be a large positive number. We can combine the policy goals as 

follows. 

Step 4 (combined): 
minimize M x z + w 
f < secreq < t — w 
exectime < b + z 
exectime = r x d + 0(nlog(t)) 
2 xt + 1<n 
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In step 5 of the framework, the trade-off rules are implemented in the authentication man- 
agement system (not discussed here) and the programming problem is solved whenever the 
working environment changes (e.g., when machines fail). 

7    Case Study III: Security and Fault Tolerance 

In this case study, again we first motivate the trade-offs and then review background mate- 
rials. After that, we apply our framework to show how the trade-offs can be handled. 

7.1    Motivation 

In building fault tolerance services in a distributed system, there are two major approaches, 
namely, the Primary-Backup (PB) approach (e.g., [1, 4]) and the State-Machine (SM) ap- 
proach (e.g., [27, 23]). Each approach has its distinctive advantages. To tolerate simple 
faults such as crash and omission, PB protocols are in general significantly cheaper than SM 
protocols in terms of numbers of processors, messages, and rounds (which directly affect the 
service response time). PB protocols are also much simpler than SM protocols, and thus 
the efforts of debugging or formal verification of PB protocols are also easier. On the other 
hand, in choosing to run a PB protocol instead of a SM protocol, one risks providing incor- 
rect service functions or values that may cause the overall system to fail when more serious 
types of faults such as arbitrary (Byzantine) faults occur. (Any given system configuration 
can tolerate only up to a certain number of faults. The emphasis here is on the distinction 
that a PB protocol cannot tolerate Byzantine faults.) Therefore, it is common practice for 
critical applications to run an SM protocol, possibly using Byzantine agreement [14]. The 
high cost of running such a protocol is compensated by the knowledge that all possible faults 
(up to a certain number) are adequately tolerated. 

Instead of being forced to make a design choice between the SM or the PB approaches, 
and thus either incurring a high running cost or risking system failure when unexpected 
faults occur, system developers can now use a newly proposed approach, called adaptive 
fault tolerance [9]. Given that in many situations Byzantine or other nontrivial faults occur 
only relatively infrequently, an intelligent adaptive algorithm has been developed, using PB 
and SM protocols as building blocks, that runs typically at a cost close to that of a PB 
protocol and switches to a more expensive SM protocol only when complicated faults (faults 
cannot be tolerated by a PB protocol) occur. This adaptive approach thus has the potential 
to retain the desirable attributes of both PB and SM approaches. Moreover, the adaptive 
approach is modular, in that any PB or SM protocol can be used [11]. 

For noncritical applications, the adaptive fault tolerance approach may be seen as a way to 
extend PB to cover more complex faults at low additional cost.   For critical applications, 
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the approach may be seen as a way to allow some of the processing resources required for 
SM to be used for other services when full SM functionality is not needed. For example, 
when only manifest faults occur, an adaptive algorithm runs in the PB mode and can thus 
tolerate a maximum number of such benign faults. The adaptation can also be viewed as an 
adaptation between an optimistic algorithm and a pessimistic one, where the former is the 
default mode of operation and the latter is invoked only when necessary. 

Figure 4: Security and Fault Tolerance 

The structure of an adaptive fault-tolerant service is illustrated in Figure 4, using the client- 
server model. There, a distributed system service is provided by n servers, which usually 
run in the primary-backup mode and switch to the state-machine mode only when necessary. 
The system objective is to utilize adaptivity during run time so that sufficient security (i.e., 
the ability to tolerate arbitrary faults) is maintained and service cost is minimized. 

7.2    Background on Adaptive Fault Tolerance 

The environment we assume is the following. Clients send their requr sts to the servers who 
process the requests and respond, all by exchanging messages. For simplicity, we assume 
that the communication channel between a client and any server is reliable and FIFO, and 
we aim to tolerate faulty servers but not faulty clients. We also assume that the servers 
are deterministic - because in the state-machine approach it is usually undesirable to allow 
nondeterministic behaviors in the (correct) servers. Moreover, we assume that the system is 
synchronous, and thus we can use a model of computation based on rounds. The reason for 
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this limitation is that it is impossible to guarantee both safety and liveness in asynchronous 

systems [3, p. 19]. 

Following the literature, we classify faults into three categories [15]: 

• Manifest fault - one that produces detectably missing values (e.g., crash and omission 
faults) or that produces a value that all nonfaulty recipients can detect as bad (e.g., it 
fails checksum or format or typing tests). 

• Symmetric fault - one that delivers the same wrong value to every nonfaulty receiver. 

• Asymmetric fault - an arbitrary fault with no constraints, also known as Byzantine 

fault. 

Briefly, in Primary-Backup (PB) approach, one and at most one server is designated as the 
primary at any time. A client sends a request to the primary, who processes it and then 
broadcasts the necessary state change to all backup servers. In a nonblocking PB protocol, 
the primary server responds to the client before receiving acknowledgments to its broadcast 
whereas in a blocking protocol, the primary blocks until all backups have acknowledged or 
after a timeout period. The schema for a server consists of three modules for: (1) deciding 
whether it is a primary or a backup, (2) processing requests, and (3) fault detection and 
recovery [3, p.56]. It is apparent that the PB approach can tolerate only manifest faults. For 
example, an incorrect primary can broadcast an incorrect state change and backup servers 
cannot detect this fact because they do not know the client's service request. 

In a state-machine (SM) protocol, a client broadcasts its request to all servers, and then 
takes a vote on the responses it receives. Therefore, the client will decide on the correct 
response if a majority of the servers are nonfaulty. For correctness, all nonfaulty servers 
must process requests (possibly from multiple clients) in the same order. This requirement 
is called replica coordination [23] and is not necessary in a PB protocol. Satisfying this 
coordination requirement is quite expensive - for example, a Byzantine agreement protocol 
is a typical solution. With this heavy cost in resources and performance, the SM approach 
gains the ability to tolerate symmetric as well as asymmetric faults, in addition to manifest 
faults. 

Our algorithm that adapts between tolerating manifest faults and asymmetric faults is given 
below in Table 2. A more detailed analysis is in [11]. 
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Round 0. Client:      Broadcast request r to all servers. 
Primary: Wait for request from client. 
Backup:   Wait for request from client. 

Round 1. Client:      Wait for response from primary. 
Primary: Broadcast (r, a(r), s-c) to all backups. Respond a(r) to client. 
Backup:    Queue r. Wait for message from primary. 

Round 2.  Client:      Wait for a(r) or error report from backup. 
Primary: Wait for error report from backup. 
Backup:   Verify the correctness of a(r). If correct, respond a(r) to client. 

If error, broadcast ERROR to client and all servers, 
and start BA protocol (to agree on which client request to process). 
Wait for error report from other backups. 

Round 3. Client:      If receive an error report, 
wait for the BA protocol to complete; then vote on the responses. 
If no error is reported but primary's a(r) is not the majority vote 
of the a(r)'s, broadcast to all servers to initiate BA protocol. 
Otherwise, accept a(r). 

Primary: If receive an error report, switch to the BA protocol, process request, 
respond to client, and return to Round 1. Otherwise, go to Round 4. 

Backup:    If receive an error report, switch to or continue with the BA protocol, 
process request, respond to client, and return to Round 1. 
Otherwise, go to Round 4. 

Round 4. Primary: Wait to see if client report error. If error, switch to BA protocol. 
Otherwise, return to Round 1. 

Backup:   Wait to see if client report error. If error, switch to BA protocol. 
Otherwise, return to Round 1. 

Table 2: Byzantine-On-Demand Algorithm 
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7.3    Applying the Framework 

To apply our framework, we use the following notation. 

n - number of servers 
r - number of rounds 
d - message delivery time 
t - security level (number of faults) 
b - service response requirement 

We can describe the policy goals of the adaptive fault-tolerant service as follows. 

Step 1: 

Policy Goal 1 exectime < b 
Policy Goal 2 sec_req < t 

Next, we can characterize the system constraints as follows. 

Step 2: 

System Constraint 1 exectime = r x d 
System Constraint 2 3  x t + 1 < n 
System Constraint 3 t + 1  < r 

These constraints are the properties of Byzantine agreement [23], and are non-negotiable. 
The performance (service response) requirement and the number of faults that may be tol- 
erated can conflict, as we can find out in step 3. 

Step 3: 
exectime < b 
sec_req < t 
exectime = rxd 
3 x t-f 1 < n 
t + 1 < r 

This linear programming problem (assuming b being a constant) may not have a solution 
because a high level of security demands a large t, which will increase r and hence the 
exec_time. 
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Tradeoff rules can be similarly developed as before. For example, we can relax the real-time 
requirement by introducing variable z, moving policy goal execjtime < b to be a system 
constraint execjtime < b + z, and adding a new goal minimize z, as shown below. 

Step 4: 
minimize z 

secjreq < t 

execjtime < b + z 

exec_time = r x d 

3 x t + 1 < n 
t + 1 < r 

In step 5 of the framework, the trade-off rules are implemented in the fault tolerance man- 
agement system and the linear programming problem is solved whenever the working envi- 
ronment changes (e.g., when machines fail). 

8    Conclusions and Future Work 

Computer systems implementing mission-critical applications typically must be adaptive to 
events and changes in the operating environment; thus, a system often must make dynamic 
trade-offs in order to attain its various and often conflicting objectives. Although there have 
been isolated studies on such system trade-offs, such as Secure Alpha [2], there is a need for 
a general framework to handle potentially conflicting critical system properties. 

In this final report, we have proposed such a general framework within which multiple 
critical system properties can be specified, multiple requirements can be jointly considered, 
and conflicts can be resolved. Our framework is driven by examples, which we also use, 
with specific conflict resolution rules, to illustrate how the framework can be useful. Our 
framework consists of five major steps: 

1. Establishing policy goals: understand and write down system requirements in precise, 
mathematical and logical terms. 

2. Establishing system constraints: understand and write down the target system char- 
acteristics that are directly or indirectly related to and can affect the realization of the 
policy goals. 

3. Deciding feasibility of goals: use mathematical methods to seek a feasible solution of 
policy goals under the given system constraints. 

4. Providing directions for trade-offs: specify rules and priorities of trade-offs between 
potentially conflicting policy goals and system configuration. 
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5. Realizing trade-offs: use mathematical methods to seek a feasible and perhaps best 
solution of policy goals under the given system constraints, following the trade-off 
rules. 

Our approach has the following advantages. First, the framework is unified in that a wide 
range of critical system properties, both quantitative and qualitative, can be considered in 
the same way. Thus, it is easy to add new (types of) requirements, and in addition, some 
common trade-off rules also can be encoded as requirements. Second, there exist systematic 
methods (e.g., Gaussian elimination and Shostak's method [25, 26]) and basic tools (e.g., 
the theorem-proving system PVS [20]) that can be used to detect conflicts and to evaluate 
trade-offs. Some trade-off rules can be encoded as optimization problems that can be solved 
with standard and mature methods in linear (and integer) programming [6, 12, 21, 22]. 

The three detailed case studies of Secure Alpha [2], distributed authentication [10], and 
adaptive fault tolerance [11], clearly demonstrate how our framework provides a common 
underpinning and uniform treatment to various trade-offs between security, real-time re- 
quirement, fault tolerance, and so on. We thus can conclude that the framework is useful 
and effective. 

There are a number of possible directions for future work. One is to work on complex 
system examples, perhaps applying the framework to existing systems in order to gain more 
insight into the problem area and to test the scalability of the approach. For example, 
we may encounter trade-off rules that are difficult to express or handle within the current 
framework. These examples may suggest ways to extend the framework - such as developing 
heuristics and fast algorithms for locating conflicts. 

Another direction might be to provide a semantic foundation for the framework. For ex- 
ample, the description and translation of requirements from the system description into our 
framework is informal as described, and the framework currently does not provide evidence 
that the translation accurately reflects the original system description. Thus, it is useful to 
have a semantics on which a more formal translation can be based. 

A third direction might be to construct a tool for system analysis and simulation, so that 
potential conflicts and trade-offs can be discovered at design time, trade-off strategies can 
be tested by simulation or analysis, and important design decisions can be made with these 
conflicts in consideration. 

Finally, it might be attractive to build a set of reusable system services, including application 
programming interfaces. Such services could act as "middleware" for implementing trade-offs 
and realizing different security policies in a heterogeneous environment. 
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