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Abstract

Recent work has shown that Just-In-Time (JIT) compilation
can introduce timing side-channels to constant-time pro-
grams, which would otherwise be a principled and effective
means to counter timing attacks. In this paper, we propose
a novel approach to eliminate JIT-induced leaks from these
programs. Specifically, we present an operational semantics
and a formal definition of constant-time programs under
JIT compilation, laying the foundation for reasoning about
programs with JIT compilation. We then propose to elim-
inate JIT-induced leaks via a fine-grained JIT compilation
for which we provide an automated approach to generate
policies and a novel type system to show its soundness. We
develop a tool DEJITLEAK for Java based on our approach
and implement the fine-grained JIT compilation in HotSpot.
Experimental results show that DEJITLEAK can effectively
and efficiently eliminate JIT-induced leaks on three datasets
used in side-channel detection.

1 Introduction

Timing side-channel attacks allow an adversary to infer se-
cret information by measuring the execution time of an
implementation, thus pose a serious threat to secure sys-
tems [33]. One notorious example is Lucky 13 attack that
can remotely recover plaintext from the CBC-mode encryp-
tion in TLS due to an unbalanced branch statement [3].
Constant-time principle, which requires the execution
time of an implementation being independent of secrets, is
an effective countermeasure to prevent such attacks. How-
ever, writing constant-time programs is error-prone. For in-
stance, even though two protections against Lucky 13 were
implemented in AWS’s s2n library, a variant of Lucky 13 can
remotely and completely recover plaintext from the CBC-
mode cipher suites in s2n [2]. Therefore, various approaches
have been proposed for automatically verifying constant-
time security of high-/intermediate-level programs, e.g., ct-
verif [4] and CacheAudit [22] for C programs, CT-Wasm [52]
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for WASM programs, Blazer [5] and Themis [20] for Java
programs, and FaCT [19] for eliminating leakages.

However, constant-time programs may be still vulnera-
ble in practice if the runtime environment is not fully cap-
tured by constant-time models. For instance, static compila-
tion from high-/intermediate-level programs to low-level
counterparts can destruct constant-time security [8-10];
constant-time executable programs are vulnerable in mod-
ern processors due to, e.g., speculative or out-of-order ex-
ecution [18, 32, 36]; JIT compilation makes constant-time
bytecode vulnerable [14, 16], called JIT-induced leaks here-
after. In this work, we focus on JIT-induced leaks.

JIT compilation has been used in numerous programming
language engines (e.g., PyPy for Python, LuaJIT for Lua,
HotSpot for Java, and V8 for JavaScript) to improve perfor-
mance. However, JIT compilation can break the balance of
conditional statements, e.g., some methods are JIT compiled
or inlined in one branch but not in the other branch, or one
branch is speculatively optimized, making constant-time pro-
grams vulnerable at runtime as shown in [14, 16]. Despite
the serious risk of JIT compilation, there is no rigorous ap-
proach to eliminate JIT-induced leaks otherwise completely
disabling JIT compilation.

In this work, we aim to automatically and rigorously elimi-
nate JIT-induced leaks. Our contributions are both theoretical
and practical. On the theoretical side, we first lay the founda-
tions for timing side-channel security under JIT compilation
by presenting a formal operational semantics and defining
a notion of constant-time for a fragment of the JVM under
JIT compilation. We do not model concrete JIT compilation
as done by [6, 24]. Instead, we leave them abstract in our
model and model JIT compilation via compilation directives
controlled by the adversary. This allows to consider very
powerful attackers who have control over JIT compilation.
It also makes it possible to reason about bytecode running
with JIT compilation and uncover how code can leak secrets
due to JIT compilation in a principled way. We then propose
to prevent JIT-induced leaks via a fine-grained JIT compila-
tion and present a type system for statically checking the
effectiveness of policies for fine-grained JIT compilation.
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On the practical side, we propose DEJITLEAK, an auto-
matic technique to generate policies that can be proven to
completely eliminate JIT-induced leaks, while still benefit-
ing from the performance gains of JIT compilation; in addi-
tion, a lightweight variant of DEJITLEAK, DEJITLEAK] jght,
can eliminate most of the leaks with a low overhead for
more performance-conscious applications and is still sound
if methods invoked in both sides of each secret branching
statement are the same. We implement DEJITLEAK as a tool
and fine-grained JIT compilation in HotSpot JVM from Open-
JDK. We conduct extensive experiments on three datasets
used in recent side-channel detection: DifFuzz [41], Blazer
[5] and Themis [20]. Experimental results show that our
approach significantly outperforms the strategies proposed
in [13]. We report interesting case studies which shed light
on directions for further research in this area.

In summary, our contributions are:

o A formal treatment of JIT-induced leaks including an
operational semantics and a constant-time notion un-
der JIT compilation;

e A protection mechanism against JIT-induced leaks
via a fine-grained JIT compilation and an efficient ap-
proach to generate policy for fine-grained JIT compi-
lation with security guarantees;

e A practical tool that implements our approach and
extensive experiments to demonstrate the efficacy of
our approach.

2 Overview

In this section, we first give a brief overview of the side-
channel leaks induced by JIT compilation [14]. We will ex-
emplify these JIT-induced leaks using the HotSpot virtual
machine (HotSpot for short) on OpenJDK 1.8. We then give
an overview of our approach to identify and eliminate the
JIT-induced leaks automatically.

2.1 JIT-Induced Leaks

JIT-induced leaks could be caused at least by the following
three JIT compilation techniques, i.e., (1) optimistic compila-
tion, (2) branch prediction, and (3) method compilation.
Optimistic compilation (TopTI). Optimistic compilation
is a type of speculation optimizations [6]. During the JIT
compilation of a method, the compiler speculates on the
most likely executed branches by pruning rarely executed
branches. Therefore, it reduces the amount of time required
to compile methods at runtime and space to store the na-
tive code. However, there might be a subsequent execution
where the speculation fails and the execution must fall back
to bytecode in the interpreted mode. To handle this issue,
a deoptimization point (known as an uncommon trap in
HotSpot) is added to the native code and, when encountered,
deoptimization is performed, which recovers the program
state and resumes execution using bytecode.
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Clearly, executing the native code after compilation is
much more efficient if no deoptimization occurs. However,
when deoptimization occurs, it will take a longer time to
deoptimize and roll back to the bytecode. This difference in
execution time induces the TopTI timing side-channel even
if branches are balanced in bytecode. When the attacker can
feed inputs to the program, ToprTI could be triggered for a
conditional statement whose condition relies on secrets. The
attacker would then be able to infer the secret information
from the difference between execution time.

As an example, consider the pwdEq method shown in
Figure 1a, which is extracted and simplified from the DARPA
Space/Time Analysis for Cybersecurity (STAC) engagement
program gabfeed_1[46]. It takes strings a and b with length 8
as inputs, denoting the user-entered and correct passwords,
respectively. It checks if they are identical within a loop.
The flag equal is assigned by false if two chars mismatch.
To balance execution time, the dummy flag shmequal is
introduced and assigned by false if two chars match.

The pwdEq method is marked as safe in STAC and would
be verified as safe by the timing side-channel verification
tools Blazer [5] and Themis [20] which do not consider JIT
compilation. However, it indeed is vulnerable to TopTI. To
trigger TopT1, we execute pwdEq 50,000 times using two
strings “PASSWORD” and “password”. After that, the else-
branch is replaced by the corresponding uncommon trap,
so the costly deoptimization will perform later. To produce
this, we use two random strings x and y with length 8 such
that x[0] is ‘p’, y[0] is not ‘p’, and the rest is the same. We
collect the execution time by executing pwdEq with inputs
(x,“password”) and (y,“password”), respectively. This mim-
ics the process that an attacker guesses the secret data char-
by-char, avoiding guessing the entire secret data simulta-
neously. The distribution of the execution time is shown
in Figure 1b. As a cross reference, Figure 1c shows the dis-
tribution of execution time with JIT compilation disabled.
We can observe that the difference in the execution time
between two branches is much larger when JIT compilation
is enabled, allowing the attacker to infer if the first char is
correctly guessed.

Branch prediction (TBRAN). Branch prediction is a con-
servative optimization of conditional statements. Instead of
pruning rarely executed branches, branch prediction gen-
erates native code by reordering the basic blocks to avoid
jumps over frequently executed branches and thus improves
the spacial locality of instruction cache. However, the re-
ordering of basic blocks unbalances the execution time of
branches even if it is balanced in bytecode.

If the attacker can feed inputs to the program, TBRAN could
be triggered for a conditional statement whose condition re-
lies on secrets, and thus the attacker could be able to infer se-
cret information by measuring the execution time. Although
the difference in the execution time between branches via
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boolean pwdEq(char[] a,char[] b){ 40000 ,\3500 —_
I %) » 3000
boolean equal = true; 2 l 2 3000 2
boolean shmequal = true; "o 30000 © °
for (int i = 0; i <8; i++) { £ £ 2500 £ 2000
if (alil != b[il) 520000 s =
equal = false; 5 5 2000 =
else shmequal = false; § 10000 § 1500 § 1000
3 w ] o
return equal; } 0 —J—
x[0] =="p' y[0] !="p' x[0] =="p' y[0] !="p' x[0] =="p' y[o] 1="p'
(a) The pwdEq method (b) JIT enabled (c) JIT disabled (d) Mitigated

Figure 1. The pwdEq method and its execution time with JIT enabled and disabled under ToprTI

TBRAN is small for a single conditional statement, it may be
amplified by repeated executions (e.g., enclosed in a loop).

Method compilation (TMETH). The most fundamental fea-
ture of JIT compilation is method compilation, which can be
triggered if a method is frequently invoked or some back-
ward jumps are frequently performed. In practice, a sophisti-
cated multi-tier compilation mechanism is adopted (in e.g.,
HotSpot), where a method may be recompiled multiple times
to more optimized native code to further improve the perfor-
mance. Meanwhile, during compilation, frequently invoked
small methods could be inlined to speed up execution.

For a conditional statement with method invocations, if
the attacker can enforce some methods in a branch to be
frequently invoked in advance so that those methods are
(re)compiled or inlined, the execution time of this branch
may be shortened. This difference in execution time between
branches induces a timing side-channel, called TMETH.

Concrete demonstrations of TBRAN and TMETH are given
in the supplementary material.

2.2 Automatically Eliminating JIT-induced Leaks

In this work, we present an automated, rigorous approach
to eliminate the above-mentioned JIT leaks. We do not con-
sider CPU-level speculative leaks [18, 32] and cache-induced
leaks [4, 23] for which various mitigation techniques have
been proposed in literature, e.g., [30, 49, 51, 53, 55, 56]. We
assume that the bytecode program is of constant-time, which
can largely be achieved by existing work (e.g., [1, 5, 19,
20, 39]). Our goal is to protect constant-time bytecode pro-
grams from the JIT-induced leaks discussed before. In gen-
eral, there are trace-based and method-based JIT compilation
approaches [31], and we shall focus on the latter in this work.

A straightforward way to prevent JIT-induced leaks is to
simply disable JIT compilation completely or JIT compilation
of the chosen methods. Indeed, [13] proposed the following
three compilation strategies, named NOJIT, DisableC2 and
MExclude. (1) The NOJIT strategy directly disables JIT com-
pilation (e.g., both the C1 and C2 compilers in HotSpot), so
no method will be JIT compiled. This strategy is effective
and convenient to deploy, but could lead to significant per-
formance loss. (2) The DisableC2 strategy only disables the
C2 compiler instead of the entire JIT compilation, by which
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the leaks induced by the C2 compiler (e.g., ToPTI) can be
prevented, but not for TBRAN or TMETH. This strategy also
sacrifices the more aggressive C2 optimization and hence
may suffer from performance loss. (3) The MExclude strategy
disables JIT compilation for the user-chosen methods instead
of the entire program, by which some leaks (i.e., TBRAN and
TopTI) can be prevented. This strategy cannot prevent from
TMETH, but its main shortcoming is that there is no protec-
tion for non-chosen methods, and it is also unclear how to
choose methods to disable. In summary, the existing compi-
lation strategies either incur a high performance cost or fail
to prevent all the known JIT-induced leaks.

Disabling JIT compilation at the method level is indeed
unnecessary. Essentially, we only need to ensure that secret
information will not be leaked when the methods are JIT
compiled or inlined. An important observation is that secret
information can only be leaked when there is a conditional
statement whose condition relies on secret data, and at least
one of the following cases occurs, namely,

1. (TMETH leaks) a method invoked in a branch is JIT
compiled or inlined;

2. (TBRrAN leaks) the conditional statement is optimized
with the branch prediction optimization;

3. (Tort1 leaks) the conditional statement is optimized
with the optimistic optimization;

Based on the above observation, we propose a novel ap-
proach DEJITLEAK, to eliminate JIT-induced leaks. To the
best of our knowledge, this is the first work to prevent all the
above JIT-induced leaks without disabling any compiler in
HotSpot, which is in a sharp contrast with the compilation
strategies proposed in [13].

In a nutshell, DEJITLEAK automatically locates secret branch
points (program points with conditional statements whose
conditions rely on secret data) by a flow-, object- and context-
sensitive information flow analysis of Java bytecode [50].
The conditional statements at those secret branch points
should not be optimized via branch prediction or optimistic
compilations. It then extracts all the methods invoked in
those conditional statements and identifies those methods
that should not be JIT compiled or inlined. Based on these,
we put forward a fine-grained JIT compilation.



PL’18, January 01-03, 2018, New York, NY, USA

We introduce a type system to prove the soundness of
the fine-grained JIT compilation, i.e., under which the re-
sulting program is free of the aforementioned JIT-induced
leaks if its bytecode version is leakage-free. To this end, we
introduce a JVM submachine and formulate an operational
semantics with JIT compilation. We also provide a notion of
JIT-constant-time to formalize timing side-channel security
of programs under JIT compilation. We show that a constant-
time program remains constant-time under our fine-grained
JIT compilation if the program is well-typed under our type
system. Note that our approach does not guarantee that all
the identified branch points or methods are necessary, but
the precision of our approach is assured by the advanced
information flow analysis and is indeed validated by experi-
ments in Section 6.

Finally, the fine-grained JIT compilation is implemented
by modifying HotSpot. Our experimental results show that
our approach is significantly more effective than DisableC2
and MExclude, and is significantly more efficient than NOJIT.

2.3 Threat Model

In this work, we focus on timing side-channel leaks induced
by branch prediction, optimistic compilation and method
compilation. We assume that the adversary is able to in-
fluence how bytecode is JIT compiled and deoptimized by
feeding inputs to programs to trigger branch prediction and
optimistic compilation of chosen conditional statements, or
method compilation and deoptimization of chosen methods.
The time for JVM profiling, JIT compilation and garbage col-
lection is not taken into account, as they are often performed
in distinct threads. We do not consider other JIT optimiza-
tions such as constant propagation, loop unfolding and dead
elimination, which are often difficult to be controlled by the
adversary at runtime. To the best of our knowledge, no exist-
ing attack leverages these optimizations. We do not consider
CPU-level optimizations (such as speculative execution and
cache) which have been studied, e.g., [18, 30, 49, 51, 55, 56].

3 The Language: Syntax, Semantics and
Constant-Time

In this section, we present a fragment of JVM and formalize
timing side-channel security via the notion of constant-time.

3.1 The JVM Submachine

We define a fragment JVMj1 of JVM with (conditional and
unconditional) jumps, operations to manipulate the operand
stack, and method calls. Both bytecode and native code are
presented in JVM;;7. Note that this is for the sake of presen-
tation, as our methodology is generic and could be adapted
to real instruction sets of bytecode and native code.

Syntax. Let LVar (resp. GVar) be the finite set of local (resp.
global) variables, Val be the set of values, M be a finite set
of methods. A program P comprises a set of methods, each
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inst = binop op binary operation on the operand stack
| pusho push value v on top of the operand stack
|  pop pop value from top of the operand stack
| swap swap the top two operand stack values
| load x load value of x onto the operand stack
| storex pop and store top of the operand stack in x
|  gety load value of y onto the operand stack
|  puty pop and store top of the operand stack in y
| ifeqj conditional jump
| ifneq j conditional jump
| gotoj unconditional jump
| invoke m invoke the method m € M
| return return the top value of the operand stack
|

deopt md  deoptimize with meta data md

Figure 2. Instruction set of JVM;j7, where x € LVar is alocal
variable and y € GVar is a global variable

of which is a list of instructions taken from the instruction
set in Figure 2. All these instructions are standard except for
the instruction deopt md which is used to model uncommon
traps (cf. Section 2) .

For each method m, m[i] denotes the instruction in m at
the program point i and argv(m) denotes the formal argu-
ments of m. When a method is invoked, the execution starts
with the first instruction m[0]. We also denote by m[i, j] for
Jj = i the sequence of instructions m[i]m[i + 1] - - - m[].

Compilation directive. To model method compilation with
procedure inline, branch prediction and optimistic compi-
lation optimizations, we use (compilation) directives which
specify how the method should be (re)compiled and opti-
mized at runtime. We denote by D,, the set of directives
of the method m, and by d(m) the resulting version after
compilation and optimization according to the directive d.
In particular, we use dg € D,, to denote no (re)compilation.
The formal definition of directives is given in Section 3.2.3.

In general, a method in bytecode is compiled into native
code which may be iteratively recompiled later. Thus, we
assign to each method m a version number V,,,, where the
bytecode has the version number 0, and the highest ver-
sion number is Vpax > 0. A directive d € D,, is invalid
if m" = d(m) and V,y > V,,, otherwise d is an invalid
directive. Intuitively, the version number V,, indicates the
optimized level of the method m. JIT recompilation only uses
increasingly aggressive optimization techniques, and rolls
back to the bytecode version otherwise.

State and configuration. A state is a tuple (pc, m, p, 0s)
where

e pc € N is the program counter that points to the next
instruction in m;

e m € M is the current executing method;

e p : LVar — Val is a partial function from local vari-
ables to values;

e 0s € Val® is the operand stack.
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m[pc] = push o m[pc] = pop

m[pc] = binop op V=01 0p vy

(pc,m, p,0s) ~> (pc+1,m,p,v-o0s)

m[pc] = ifeq j =0

(pc,m, p,v - 0s) ~ (pc+1,p,o0s)

m[pc] = ifeq j v#0

(pc,m, p,v; - vg - 0s) ~> (pc+1,m, p,v-0s)

m|[pc] = swap

(pc,m, p,v - 0s) ~> (j, m, p,0s)

m[pc] = ifneq j v#0 m|[pc] = ifneq j

(pc,m, p,v - 0s) ~> {pc+1,m, p,os)

(pc,m, p,v1 - vy - 0s) ~ (pc+1,p,0v2 - 01 - 0S)

m[pc] = store x x € dom(p)

(pc,m, p,v - 0s) ~> (j, m, p,o0s)

m|pc] = load x

(pc,m, p,v - 0s) ~> {pc+1,m, p,os)

m[pc] = goto j

(pc,m, p,v - 0s) ~ (pc+1,m, p[x — v],o0s)

s~ s

(pc,m, p,0s) ~ (pc+1,m, p, p(x) - os)

m[pc] = put y y € dom(p) s={(pc+1,m,p,o0s)
(ch, h, (pc, m, p, 0 05), cs) — (ch, h[y — o], 5, cs)

m[pc] = return s=(pc’,m', p’,v-o0s")

(pc, m, p,0s) ~> (j,m, p,os)

(ch, h,s,cs) — (ch, h,s’,cs)

m[pc] =gety s=(pc+1,mp,h(y) -os)
(ch, h, {pc,m, p,0s),cs) — (ch, h,s,cs)

m[pc] = deoptmd V,,, >0 O((ch,h, {pc,m, p,0s),cs),md) = (h', s, cs’)

(ch, h, {pc,m, p,v - 0s), (pc’,m’, p’,08") - cs) — (ch, h,s, cs)

(ch, h, {pc,m, p,0s),cs) — (ch[m — base_version(m)],h’,s,cs’ - cs)

m[pc] = return m[pc] = invoke m" argv(m’) =xo, -+ ,xx d=dp s=(0,ch(m’),[xo— vy, -, x> vg], €)
(ch, h, {pc,m, p,v - 0s),e) — (h,0) (ch,h, {pc,m, p,vg - - - -0y - 0s),cs) =4 (ch, h,s, (pc+1,m, p,o0s) - cs)
m[pc] = invoke m’ argv(m’) = xq, - -+, Xk deD,, d#dg m’ =d(m’) Vrr > Vi
(ch, h, {pc,m, p, v - - -+ -1y - 08),cs) =4 (ch[m’ > m”], h, (0,m”, [xg — vy, - -+ , Xk > U], €), (pc+ 1,m, p,0s) - cs)

Figure 3. Operational semantics of JVM, where dom(p) denotes the domain of the partial function p

We denote by States the set of states. For each function
f:X — V,variable x € X and value v € V, let f[x > 0] be
the function where for every x’ € X, f[x — v](x") = f(x)
if x” # x, and f[x — v](x") = v otherwise. For two operand
stacks osq, 0osy € Val®, let os; - 0s, denote their concatenation.
The empty operand stack is denoted by e.

A configuration is of the form (ch, h, s, cs) or (h,v), where
ch is a code heap storing the latest version of each method;
h : GVar — Val is a (data) heap, i.e., a partial function
from global variables to values; s € States is the current
state; cs € States™ is the call stack, and v € Val is a value.
Configurations of the form (h,v) are final configurations,
reached after the return of the entry point. A configuration
(ch, h, {pc, m, p, 0s), cs) is an initial one if pc = 0, m is the
entry point of the program, and os = cs = €. Let Conf denote
the set of configurations, cs; - cs; be the concatenation of
two call stacks cs; and csy, and € be the empty call stack.

Operational semantics with JIT Compilation. The small-
step operational semantics of JVM;t is given in Figure 3 as a
relation —C Conf X Conf, where ~»C States X States is an
auxiliary relation. Directives d apply to method invocations
only, thus are associated to the relation — only for method
invocations. The semantics of each instruction is mostly stan-
dard except for the method invocation and deoptimization.
We only explain some selected ones. Full explanation refers
to the supplementary material.

Instruction return ends the execution of the current method,
returns the top value v of the current operand stack, either
by pushing it on top of the operand stack of the caller and re-
executes the caller from the return site if the current method
is not the entry point, or enters a final configuration (h, v) if
the current method is the entry point.
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Instruction deopt md deoptimizes the current method and
rolls back to the bytecode in the interpreted mode. This in-
struction is only used in native code and inserted by JIT
compilers. Our semantics does not directly model a deop-
timization implementation. Instead, we assume there is a
deoptimization oracle O which takes the current configu-
ration and the meta data md as inputs, and reconstructs the
configuration (i.e., heap h’, state s and the call stack cs’).
Furthermore, the bytecode version base_version(m) of the
method m is restored into the code heap ch. We assume that
the oracle O results in the same heap h’, state s and call stack
cs’ - cs as if the method m were not JIT compiled.

The semantics of method invocation invoke m’ depends
on the directive d. If d is dg then the instructions of m’ in
the code heap ch remain the same. If d is valid, namely, the
optimized version V,,» after applying d has larger version
number than that of the current version V,,, the new op-
timized version m” = d(m’) is stored in the code heap ch.
After that, it pops the top |argv(m’)| values from the cur-
rent operand stack, passes them to the formal arguments
argv(m’’) of m”’, pushes the calling context on top of the call
stack and starts to execute m”’ in the code heap.

To define a JIT-execution, we introduce the notion of
schedules. A valid schedule d* for a configuration ¢ is a
sequence of valid directives such that the program will not
get stuck when starting from ¢ and following d* for method
invocations. The valid schedule d* yields a JIT-execution,
denoted by ¢ [la~ cn, which is a sequence cyc; - - - ¢, such
that ¢ is an initial configuration, c, is the final configuration,
and for every 0 < i < n, either ¢; — cjy1 Or ¢; =4, cit1. We
require that d* is equal to the sequence of directives along
the JIT-execution, i.e., the concatenation of d;’s. A JIT-free
execution is thus a JIT-execution ¢y Udg ¢,. Note that in this
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Method m Method m;
: Branch :
i ifeqj prediction i ifeq ml-j +-1:
i+1: optimization i1
L 2
j1L: Iml-j+j-1:
i my2
|m|-1: m|-1:

Figure 4. Branch prediction optimization

work, we assume that the execution of a program always
terminates.

In the rest of this work, we assume that each method has
one return instruction which does not appear in any branch
of conditional statements, as early return often introduces
timing side-channel leaks.

3.2 JIT Optimization of JVM;7

In this section, we first introduce branch prediction and
optimistic compilation, then define method compilation as
well as compilation directives in detail.

3.2.1 Branch prediction. Consider a method m and a
conditional instruction m[i] = ifeq j. (We take ifeq as the
example, and ifneq can be handled accordingly. ) Let B¢ (resp.
Bg) be the instructions appearing in the if-(resp. else-)branch
of m[i], and the last instruction m[i’] of Bf is goto j’. The
first and last instructions of Bf are m[i + 1] and m[j — 1]
respectively.

If the profiling data show that the program favors the
else-branch, the branch prediction optimization transforms
the method m into a new method m; as shown in Figure 4
for m[i] = ifeq j. The formal definition and an illustrating
example are given in the supplementary material.

If the profiling data shows that the program favors the if-
branch, the branch prediction optimization to the conditional
instruction m[i] = ifeq j transforms the method m into a
new method m,, similar to my, except that (1) the conditional
instruction ifeq j is replaced by ifneq |m| — j +i — 1 which is
immediately followed by the if-branch B;; (2) the else-branch
By is moved to the end of the method starting at the point
|m| — j+i— 1 and the target point of the last instruction goto
j isrevised to j/ — j+i+ 1.

We denote by Ty, (m, i, else-b) and Ty, (m, i, if-b) the new
methods m; and m; respectively. It is easy to see that the
branch prediction optimization transforms the original pro-
gram to a semantically equivalent program.

3.2.2 Optimistic compilation. Again, consider the con-
ditional instruction m|[i] = ifeq j with the if-branch B¢ and
else-branch Bs. (ifneq can be dealt with accordingly.) If the
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profiling data show that the if-branch almost never gets exe-
cuted, the optimistic compilation optimization transforms
the method m into a new method m; in a similar way to
Top(m, i, else-b). Here, the if-branch B is replaced by an
uncommon trap. The method m; is defined similarly if the
profiling data show that the else-branch almost never gets
executed. More details refer to the supplementary material.

We denote by Toc(m, i, else-b) and Toc(m, i, if-b) the new
methods m; and m; after transformation. It is easy to see
that the optimistic compilation optimization is an equiva-
lent program transformation under the inputs that does not
trigger any uncommon traps.

3.2.3 Method Compilation. At runtime, frequently ex-
ecuted, small methods may be inlined to reduce the time
required for method invocations. After that, both branch pre-
diction and optimistic compilation optimizations could be
performed. Thus, a compilation directive of a method should
take into account procedure inline, branch prediction and
optimistic compilation optimizations.

We define a compilation directive d of a method m as a
pair (t,w), where t is a labeled tree specifying the method
invocations to be inlined, and w is a sequence specifying
the optimizations of branches. Formally, the labeled tree ¢
is a tuple (V,E,L), where V is a finite set of nodes such
that each n € V is labeled by a method L(n) and the root
is labeled by m; E is a set of edges of the form (ny, i, ny)
denoting that the method L(n,) is invoked at the call site i
of the method L(n;). We denote by t(m) the new method
obtained from m by iteratively inlining method invocations
in t. We assume the operand stack of each inlined method
is balanced, otherwise the additional pop instructions are
inserted.

The sequence w is of the form (Ty, i1, b1), -+, (Tk, ik, bx),
where for every 1 < j < k, T; € {Tpp, Toc} denotes the
optimization type to be applied to the branch point i; in
the method t(m) with the branch preference b;. We assume
that an index i j occurs at most once in w, as at most one
optimization can be applied to one branch point.

Note that in our formalism, the optimistic compilation
optimization adds one uncommon trap for each conditional
statement. In practice, multiple conditional statements may
share one uncommon trap, which is not modeled here but
can be handled by our approach as well.

3.3 Consistency and Constant-Time

We assume that each program is annotated with a set of
public input variables, while the other inputs are regarded as
secret input variables. We denote by ¢y ~pyp ¢ if the initial
configurations ¢y and c; agree on the public input variables,
and denote by ¢y ~¢p ] if ¢y and ¢{ have the same code heap.

Consistency. The following theorem ensures the equiva-
lence of the final memory store and return value from the
JIT-free execution and JIT-execution.
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Theorem 3.1. Foreach initial configuration ¢y of the program
P and each valid schedule d* for cy, we have:

co Uagx ¢ iffco Yar ¢'.

If the output variables are partitioned into public and
secret, we denote by ¢ ~p,p ¢’ that the final configurations ¢
and ¢’ agree on the public output variables.

Theorem 3.2. For each pair of initial configurations (co, ;)
of the program P with cy =pyp ¢ and each pair of valid sched-
ules d} and d} for ¢y and c; respectively, we have: ¢y || c,
co U ¢”andc =pyp ¢’ iff o Udl* ¢ ¢ Udz* ¢ andc =py, ¢'.

The theorem states that observing public output variables

cannot distinguish secret inputs without JIT compilation iff
observing public output variables cannot distinguish secret
inputs with JIT compilation.
Constant-time. To model execution time, we define cost
functions for bytecode and native code. Let cf,. and cfyc
be the cost functions for instructions from the bytecode
and native code, respectively. We assume that, for each pair
(insty, insty) of instructions, cfyc (inst;) = cfpc(insty) implies
that cfpc (inst;) = cfpc(instz). Namely, the cost equivalence
of bytecode instructions are preserved in native code. We
denote by cf(inst) the cost of the instruction inst, which
is cfpc(inst) if it is running in bytecode mode, otherwise
cfnc(inst). We lift the function cf to states and configura-
tions as usual, e.g., cf({pc, m, p, 0s)) = cf(m[pc]). The cost
cf(co Ja cn) of a JIT-execution ¢y g+ ¢y, is the sum of all
the costs of the executed instructions, i.e., ?:_01 cf(c;).

A program P is constant-time (without JIT compilation) if
for each pair of initial configurations (c, ¢;) of P such that
co =pub ¢y and the code heaps of ¢y and ¢ have the same
bytecode instructions, we have:

cf(co gz ©) = cf(cy Ugg ).

Intuitively, the constant-time policy requires that two JI'T-
free executions have the same cost if their public inputs are
the same and code heaps have the same bytecode instruc-
tions, thus preventing timing side-channel leaks when JIT
compilation is disabled.

JIT-constant-time. To define constant-time under JIT com-
pilation, called JIT-constant-time, we first introduce some
notations.

Consider a JIT-execution ¢y g+ ¢, and a method m, let
proj,,(co lla* cn) denote the projection of the sequence of
executed instructions in ¢y |Jg* ¢, onto the pairs (i, m’) each
of which consists of a program point i and a version m’ of
the method m. A proper prefix 7 of proj,,(co {4* cn) can be
seen as the profiling data of the method m after executing
these instructions, which determines a unique compilation
directive of the method m after executed 7. We leave runtime
profiling abstract in order to model a large variety of JIT
compilations and use 7 to denote the profiling data of m
after executed instructions 7 of m or its compiled versions.
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Let us fix a profiler pf, which provides one compilation
directive pf,, (7) of a method m using the profiling data 7.
The schedule d* is called a pf-schedule if, for each method m
and proper prefix 7 of proj,,,(co J4* cn), the next compilation
directive of m € d* after x is pf,, (7).

Lemma 3.3. For each pair of initial configurations (c, c;) of
P with ¢y =cp ¢, and each pair of valid pf-schedules d{‘ and
dy for ¢y and c;) respectively, we have:
for every method m, every pair (71, 7r3) of proper
prefixes of proj,, (co Ud; ¢) and proj,,(c; Ud; c’)
respectively, if ry = m, then pf,,(m1) = pf,,(72).

Intuitively, the lemma ensures that the compilation direc-
tives of each method in JIT-executions are the same under
the same profiling data.

A program P is JIT-constant-time if, for every pair of initial
configurations (¢, c)) of P with ¢y ~pu cj and cg =cn ¢},
every pair of valid pf-schedules d} and d} for ¢, and c;
respectively satisfies

cf(co Uar ¢) = cf(cg Uay ).
Intuitively, the JIT-constant-time policy requires that two
JIT-executions have the same cost if their public inputs and
initial code heap are the same and the valid schedules have
the same profiler pf for JIT compilation, so it prevents timing
side-channel leaks even if the JIT compilation is enabled. We
allow the code heaps in ¢ and ¢ to be mixed with bytecode
and native code, because the adversary can run the program
multiple times with chosen inputs before launching attacks.

We remark that our definition of pf-schedules considers
a powerful adversary who controls executing instructions
and thus the compilation directives of methods, which is
common in the study of detection and mitigation. In practice,
the feasibility of compilation directives depends on various
parameters in VM, e.g., whether a method invocation should
be inlined depends on its code size, invocation frequency,
method modifier, etc.

As argued above, a constant-time program P may not be
of JIT-constant-time due to JIT compilation. This work aims
to prescribe a fine-grained JIT compilation under which a
constant-time program P is still JIT-constant-time so there
is no need to disable JIT compilation completely.

4 Protect Mechanism and Type System

In this section, we first propose a two-level protection mech-
anism to eliminate JIT-induced leaks and then present an
information-flow type system for proving JIT-constant-time
under our protected JIT compilation.

4.1 Protection Mechanism

The first level of our protection mechanism is to disable
JIT compilation and inlining of methods which potentially
induce leaks. We denote by prot; the set of methods that
cannot be JIT compiled or inlined, i.e., these methods can
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mli] = pusho st’ =pt-st
il =p 2 T-Pusu

m[i] = binopop st’' = (z; Uz Upt) - st

mli] =storex It' =It[x — 7L pt
T-Bor Lil [ ptl T-Str

m, i+ (pt, ht, It,st) = (pt, ht, It, st’)

ml[i] =pop st=r7-st
[i] = pop TPop

m,i+ (pt,ht,It, 7y - 75 - st) = (pt, ht, It, st’)

mli] =swap 7{ =7 Lpt 7;=1Lpt

m, it (pt,ht,It, 7 - st) = (pt, ht, It’, st)

m[i] =load x st’ = (It(x) U pt) - st
T-Swar Li] (ItGe) L pt) T-Loap

m, it (pt, ht, It st) = (pt, ht, It, st)

m[i] = put ht' = ht[y — 7 U pt
[i] =puty [yo P]TPUT

m, i+ (pthtlt, 7y - 75 - st) = (pt,ht,It, ) - 7] - st)

mli] =ifeqj pt'=zuUpt pt'=H — i€ prot,(m)

1 m,it+ (pt, ht,It,st) = (pt, ht, It, st’)

mli] = goto j

T-Ir T-Goto

m,i+ (pt,ht,lIt, 7 -st) = (pt, ht', It,st)

mli] =gety st’' = (ht(x)Upt) -st

m, i+ (pt, ht,lt, 7 - st) = (pt/, ht, It, st)

mli] =ifneqj pt'=zUpt pt'=H — i € prot,(m)

m, i+ (pt, ht, lIt, st) = (pt, ht, It, st)

mli] =return (ht, 7) [ sigp(m)

m,ir (pt ht,It,st) = (pt, ht, It,st’)

mli] = invoke m’ argv(m’) =xo, -+, xx  (pty, hty, It1) >,y (htz, 7)

m, i+ (pt,htlt, 7 - st) = (pt/, ht, It, st)

T-Irn T-RET
m, it (pt,htlt, 7 - st) = (ht, 1)

ptCpt; htCht;y 79 Clti(x) -7k Clti(xx) 7' =zUpt
T-CaLL

m,it (pt,htlt, g - - - 79 - st) = (pt, hty, It, 7/ - st)

Figure 5. Typing rules

only be executed in the interpreted mode. The second level is
to disable JIT optimization of branch points in methods M \
prot,, whose optimization will potentially induce leaks. We
denote by prot, the mapping from M\prot; to sets of branch
points that cannot be JIT optimized. When the method m is
compiled, prot,(m) will be updated accordingly.

From the perspective of the JVM;1 semantics, the compila-
tion directive of any method from prot,; is limited to dg, and
the compilation directives of any method m’ € M \ prot;
can neither inline a method from prot; nor optimize the
branch at a program point in prot,(m’).

For a given program P, a policy for fine-grained JIT com-
pilation is given by a pair (proty, prot,). A pf-schedule d*
that is compliant to the policy (proty, prot,) is called a
(prot,, prot,)-schedule.

4.2 Type System and Inference

We propose an information-flow type system for proving
that constant-time programs are JIT-constant-time under a
fine-grained JIT compilation with a policy (proty, prot,).

Lattice for security levels. We consider a lattice of security
levelsL = {H,L} withLC L,LC H,HC Hand H Z L.
Initially, all the public inputs have the low security level
L and the other inputs have the high security level H. We
denote by 71 LI 7, the least upper bound of two security levels
71,72 € L, namely,7lUUH = HUz=Hfort e Land LUL = L.

Typing judgments. Our type system supports programs
whose control flow depends on secrets. Thus, the typing
rules for instructions rely on its path context pt, which can
indicates whether an instruction is contained in a secret
branch. We use functions ht : GVar — L and It : LVar — L
which map global and local variables to security levels. We
also use a stack type (i.e., a stack of security levels) st for
typing operand stack. The order C is lifted to the functions
and the stack type as usual, e.g., ht; C ht, if ht; (y) C hty(y)
for each y € GVar.
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The typing judgment for non-return instructions is of the
form m, i + (pt;, hty, Ity, st;) = (pt,, hty, Ity, sty), where m is
the method under typing, i is a program point in m. This judg-
ment states that, given the typing context (pt,, hty, Ity, st;),
the instruction m[i] yields a new typing context (pt,, hty, Itz, stz).
The typing judgment of the return is of the form m,i *
(pt, ht, It, st) = (ht, 7), where ht is the security levels of the
global variables and 7 is the security level of the return value.

A security environment se,, of a method m is a function
where for every program point i of m, se,, (i) is a typing con-
text (ht, 7) if m[i] is a return instruction, and (pt, ht, It, st)
otherwise.

Method signature. A (security) signature of a method m
is of the form (pt, hty, It;) <, (hty, ), which states that,
given the typing context (pt, ht;, It;), each global variable
y € GVar has the security level ht,(y) and the return value
of the method m has the security level 7. Each invocation of
m should respect the signature of m. The signature of the
program P, denoted by sigp, is a mapping from the methods
of the program P to their signatures. Since a method invoked
in any secret branch cannot be JIT compiled or inlined, we
require that, for any m € M, m € prot; if the path context
pt in sigp(m) is the high security level H.

Typing rules. The typing rules are presented in Figure 5,
where the key premises are highlighted and (ht, 7) |= sigp(m)
means that ht £ ht” and 7 C 7’ for the signature sigp(m) =
(pt, hty, Ity) <, (ht', 7).

The type system only checks bytecode programs, thus
there is no typing rule for the deoptimization instruction
deopt md. Most typing rules are standard. For example, (T-
PusH), (T-Pop), (T-Bopr) and (T-Swapr) track the flow of the
secret data via the operand stack, including explicit and
implicit flows. Similarly, (T-STr), (T-LoaDp), (T-PuT) and (T-
GET) track the flow of the secret data via local and global
variables. Rule (T-GoTo) does not change the typing context.

Rules (T-IF) and (T-IFN) require that the path context pt’
of each branch has a security level no less than the current
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path context and the security level of the branching con-
dition on top of the stack. This allows us to track implicit
flows during typing. Furthermore, the branch point i should
not be optimized by requiring i € prot,(m) if pt’ has the
high security level H, otherwise the branches may become
unbalanced, resulting in JIT-induced leaks.

Rule (T-RET) requires (ht,7) [ sigp(m) that avoids the
security levels of the global variables in ht and the secu-
rity level 7 of the return value are greater than these in the
method signature sigp(m).

Rule (T-CaL1) ensures that the context of invoke m’ meets
the signature sigp(m’) = (pty, hty, Ity) —p (hty, 1), e.g.,
pt C pt, avoiding that the current path context pt has a
security level greater than the excepted one pt;, and 75 C
It1(x0) - - - 7 T It1(xx) avoiding that actual arguments have
the security levels greater than that of formal arguments.

Typable methods. The security of a constant-time program
under JIT compilation is verified by type inference. To for-
malize this, we first introduce some notations [11].

Consider a method m, for each program point i, let nxt,, (i)
be the set of successors of i w.r.t. the control flow. Formally,
nxt, (i) = {j} if m[i] is goto j, nxt,, (i) = {i+ 1, j} if m[i] is
ifeq j or ifneq j, nxty, (i) = 0 if m[i] is return, and nxt,, (i) =
{i + 1} otherwise.

For each branch point i, let junc(i) denote its junction
point, i.e., the immediate post-dominator of i. (Recall that we
assumed there is no early return in branches, thus junc(i)
is well-defined.) We denote by region(i) the set of program
points j that can be reached from the branch point i and are
post-dominated by junc(i). We denote by maxBP(j) the set
of branch points i such that j = junc(i) and region(i) ¢
region(i’) for any i’ € maxBP(j). Intuitively, maxBP(})
contains the branch points i with the junction point j and
region(i) is not contained by region(i’) of any other branch
point i” with the same junction point j, namely, nested
branch points i’ of the branch point i are excluded.

A method m is typable w.r.t. the signature sigp and policy
(proty, prot,), denoted by (prot;, prot,, sigp) > m, if there
exists a security environment se,, for m such that se,, (0) =
(pt, ht, It, €) for sigp(m) = (pt, ht,It) <, (ht’,7) and one
of the following conditions holds for each program point i:

e ifiisnota junction point, thenm, j + se,, (j) = sen (i)
for the program point j such that nxt,,(j) = {i};
e if i is a junction point, suppose se,, (i) = (pt, ht, It, st),
then the following two conditions hold:
— there exists some j € maxBP(i) with pt’ C pt and
sem(j) = (pt/, ht', It’, st’);
- ht C ht/, It C It’ and st C st’ for nxt(j) = i and
sem(j) = (pt/, ht', It’, st’).

Intuitively, (proty, prot,, sigp) >m requires that (1) secret
branches are forbidden to be optimized by prot, and (2)
methods m’ invoked in region(i) of any secret branches m|[i]
are forbidden to be JIT compiled and inlined. Recall that we
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have assumed m’ € prot, if the path context pt in sigp(m”)
has the high security level H.

A program P is typable w.r.t. the signature sigp and pol-
icy (proty,prot,), denoted by (prot,, prot,,sigp) > P, if
(1) for the entry point m: sig,, = (L ht,It) <, (ht’,7),
ht(y) = H and It(x) = H for any secret inputs x, y; and (2)
(proty, prot,, sigp) > m for every method m € M.

Theorem 4.1. Given a program P, if P is constant-time and
(proty, prot,, sigp) > P, then P is JIT-constant-time under
(proty, prot,)-schedules.

The proof is provided in the supplementary material. Note
that the native code in the code heap of each initial config-
uration can only be complied from bytecode following the
policy (proty, prot,).

5 Implementation

We have implemented the detection and elimination ap-
proach as a tool DEJITLEAK for real-world Java bytecode (in
the form of Jar packages). DEJITLEAK consists of two main
components: type inference for computing a signature sigp
and a policy (prot,, prot,) such that (proty, prot,, sigp)>P,
and a modified version of HotSpot from OpenJDK [43] im-
plementing the protection mechanism.

5.1 Type Inference

Our type inference is built on JOANA [29], a sound, flow-,
context-, and object-sensitive information flow framework
based on program dependence graphs.

Given a program P annotated with public inputs, we first
identify secret inputs and then leverage JOANA to compute
a security environment se,, and a signature sigp(m) for each
method m via solving flow equations. With se,, and signa-
ture sigp(m), we can locate all the branch points in each
method m whose path context or branching condition has
the high security level H, namely, all the secret branches.
These branch points are added in prot,(m), as they can po-
tentially induce TopT1 and TBRAN leakage when optimized.

From the branch points prot,(m), we identify and ex-
tract all the methods invoked within region(i) for all the
branch points i € prot,(m). These methods can potentially
induce TMETH leakage when JIT compiled or inlined. Thus,
these methods are added in prot;. According to our type
system, the soundness and precision of our type inference
inherit from that of JOANA, namely, the program P is ty-
pable w.r.t. the signature sigp and policy (prot,, prot,), ie.,
(proty, prot,, sigp) > P holds.

5.2 Protection Mechanism in HotSpot

To enforce the policy (prot;, prot,) during JIT compilation,
we modify HotSpot from OpenJDK to demonstrate our ap-
proach. To prevent a method m € prot; from being compiled
and inlined, we use the option CompileCommand supported
by HotSpot [42], namely,
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-XX:CompileCommand=exclude, signature_of_the_method
-XX:CompileCommand=dontinline, signature_of_the_method
where the option exclude disables JIT compilation of the
method signature_of_the_method, and dontinline pre-
vents the method signature_of_the_method from proce-

dure inline.

Unfortunately, HotSpot does not provide any option that
can be used to specify branch points where branch prediction
and/or optimistic compilation can be disabled. Therefore,
we modified HotSpot to support an additional command
dontprune that allows us to specify branch points. The com-
mand dontprune is used similar to exclude, but with an
additional list of branch points for the specified method. Dur-
ing JIT compilation, both branch prediction and optimistic
compilation are prohibited for all these branch points, even
the method is recompiled. We plan to create a pull request
of our modification to OpenJDK.

5.3 DEeJITLEAKight

In the experiments, we found that disabling JIT compila-
tion of all the methods invoked in secret branches may de-
grade the performance significantly. To compensate, we pro-
pose and implement an alternative protection mechanism
DEJITLEAK] ight.

DEJITLEAK] ight only disables the inlining of the methods
m € prot,; whereas DEJITLEAK disables both JIT compila-
tion and inlining of the methods m € prot,. This weaker
protection mechanism is still sound under the assumption
that the methods invoked on both sides of each secret branch
point are the same. This assumption is reasonable in practice,
as it is a straightforward strategy for developers to imple-
ment a constant-time program by invoking same methods
in both sides of each secret branch point.

We remark that inlining method should be disabled even if
this method is invoked on both sides of a secret branch point,
as the method may be inlined only in one branch, inducing
branch unbalance and subsequent leakages.

6 Evaluation

In this section, we report the evaluation of DEJITLEAK and
DEJITLEAK] ight. We first evaluate the efficiency of the type
inference, and then compare our protection approach with
other strategies: NOJIT, DisableC2, and MExclude (cf. Sec-
tion 2.2). According to [13], we disable JIT compilation of
the methods that contain some secret branch points for MEx-
clude, but methods invoked in secret branches could be JIT
complied or inlined.

We conduct experiments on the benchmarks that have
been used to evaluate DifFuzz [41], Blazer [5] and Themis
[20], including real-world programs from well-known Java
applications such as Apache FtpServer, micro-benchmarks
from DARPA STAC and classic examples from the litera-
ture [25, 33, 44]. Recall that we target constant-time Java
bytecode. Thus, we only consider the safe versions of the
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Table 1. Results of type checking

Name fLOC | Time(s) Memory (Mb)
clear 38 1.50 307
S md5 65 | 153 305
& salted 82 1.59 309
A | stringutils 20 | 169 146
authmreloaded 76 0.95 246
array 17 | 098 244
gptla 12 218 208
k96 24 | 203 220
login 18 0.92 239
5 | loopbranch 23 | 092 232
3| modpowl 22 2.00 227
/A modpow?2 14 1.95 198
passwordEq 18 1.57 129
sanity 15 | 090 236
straightline 13 1.04 241
unixlogin 36 | 119 273
bootauth 112 3.68 402
@ jdk 13 | 092 233
g jetty 14 1.51 306
= orientdb 198 | 5.5 539
a picketbox 39 1.51 130
spring 25 | 1.80 150

benchmarks, i.e., programs that are leakage-free or only have
slight leaks under their leakage models without the JIT com-
pilation. We also exclude the benchmarks tomcat, pac4j, and
tourplanner from Themis, as tomcat and pac4j have signifi-
cant leakages [16] while tourplanner is time-consuming (0.5
hour per execution and we shall run each benchmark 1,000
times per branch). The remaining benchmarks are shown in
Table 1, where §LOC shows the number of lines in the Java
source code, counted by cloc [21]. Note that for the purpose
of experiments, k96*, modpow1* and modpow2* are patched
versions of k96, modpow1 and modpow?2, and unixlogin is a
patched version by DifFuzz to resolve the NullPointerExcep-
tion error in its original version from Blazer.

All experiments are conducted on an Intel NUC running
Ubuntu 18.04 with Intel Core 15-8259U CPU @ 2.30GHz and
16GB of memory, without disabling CPU-level and other JIT
optimizations when JIT compilation is enabled.

In summary, the results show that (1) DEJITLEAK is very
effective and is able to successfully eliminate a majority of the
leakages induced by JIT compilation, and (2) DEJITLEAK] jght
is able to achieve comparable effectiveness as DEJITLEAK
and induces significantly less performance loss.

6.1 Results of Type Inference

Table 1 shows the time and memory used for type inference
of the benchmarks. We observe that these benchmarks can
be solved efficiently. It takes 1.73 seconds on average (up to
5.65 seconds) and 251 Mb to analyze one benchmark. Note
that the time and memory consumption does not necessarily
correlate with the size of the program (e.g., on gpt14 vs. k96).
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Table 2. Evaluation results of DEJITLEAK

Benchmark NOJIT DisableC2 MExclude DEJITLEAK DEJITLEAK jght

Name Leakage Time (ps)| Leakage Overhead| Leakage Overhead| Leakage Overhead| Leakage Overhead| Leakage Overhead
clear 1.00 4.846 0.02 49.40 0.02 3.47 0.02 12.95 0.01 25.22 1.00 1.00
< md5 1.00 6.526 0.19 47.81 0.09 4.13 0.01 10.00 0.01 19.51 0.01 1.82
3 salted 1.00 6.711 0.02 47.80 0.17 3.93 0.20 9.69 0.03 18.99 0.17 1.77
% stringutils 0.97 0.559 0.10 11.90 0.59 1.57 1.00 2.64 0.77 8.92 1.00 1.35
RQlauthmreloaded  1.00 8.696 0.01 34.89 0.05 4.46 0.03 1.28 0.03 1.00 0.03 1.00
‘ Average 0.99 5.468 0.07 38.36 0.18 3.51 0.25 7.31 0.17 14.73 0.44 1.39
array 1.00 0.229 1.00 2.00 0.64 1.21 1.00 2.61 0.23 1.00 0.25 1.00
gptl4 1.00 2.157 0.01 45.11 0.01 3.06 0.20 1.80 0.01 15.95 0.01 1.47
k96 1.00 2.414 0.02 42.69 1.00 3.04 0.79 1.83 1.00 18.50 1.00 146
koe* 1.00 2.372 0.02 42.93 0.02 3.09 0.59 1.90 0.02 18.99 0.52 1.48
login 1.00 0.266 0.79 2.05 0.67 1.17 0.91 2.68 0.54 1.05 0.54 1.05
loopbranch 1.00 0.243 0.86 5.57 0.80 3.15 0.33 15.34 0.01 0.98 0.01 0.98
modpow1 1.00 78.615 0.02 0.36 1.00 0.21 1.00 0.65 1.00 0.16 1.00 0.95
modpow1* 1.00 78.542 0.01 0.36 0.02 0.23 1.00 0.65 0.01 0.16 0.01 0.94
E modpow2 1.00 0.789 0.01 36.92 1.00 2.78 1.00 2.27 1.00 15.61 1.00 1.57
S modpow2” 1.00 0.945 0.01 42.15 0.07 2.93 1.00 2.12 0.01 17.55 0.00 1.55
M passwordEq 1.00 0.262 0.13 6.61 0.17 1.53 0.56 3.74 0.01 5.39 0.01 1.15
sanity 1.00 0.234 0.25 5.83 0.97 2.82 0.07 16.02 0.01 0.99 0.01 1.00
straightline 1.00 0.231 0.80 2.03 0.07 1.07 0.90 2.16 0.00 1.00 0.01 1.00
unixlogin 1.00 0.316 1.00 8.51 1.00 1.96 1.00 3.03 1.00 10.09 1.00 1.37
‘ Average 1.00 11.973 0.35 17.37 0.53 2.02 0.74 4.06 0.35 7.67 0.38 1.21
bootauth 1.00 2.793 0.02 106.98 0.01 4.53 0.03 1.53 0.84 1.47 0.04 1.05
jdk 1.00 0.236 0.16 2.15 0.05 1.14 0.19 2.68 0.01 1.01 0.01 1.01
) jetty 1.00 0.254 0.11 6.49 0.17 1.51 0.50 3.51 0.01 5.48 0.01 1.14
g orientdb 0.99 1.942 0.01 78.48 0.01 3.47 0.33 1.39 0.01 1.28 0.01 0.99
—ﬁ picketbox 1.00 0.252 0.04 7.23 0.02 1.54 1.00 1.82 0.06 7.85 0.01 1.30
spring 1.00 0.509 0.01 14.16 0.02 2.10 0.04 2.63 0.01 1.71 0.01 1.06
| Average 100 0998 | 0.06 3592 | 0.05 238 | 035 226 | 016 313 | 0.02 1.09

6.2 Effectiveness and Efficiency of the Protection

Our approach provides the security guarantees of JIT-constant-
time w.r.t. the JIT-induced leaks of TopT1, TBRAN and TMETH,
but there are other JIT and CPU-level optimizations that may
induce timing side-channel leaks as well. Thus, we evaluate
the effectiveness by quantifying the amount of leakages in
practice using mutual information [37], a widely used metric
for side channel analysis [34, 35, 38, 47].

The mutual information of a program containing a vul-
nerable conditional statement with the secret condition K
and execution time T is defined as I(K; T) = H(K) —H(K|T),
where H(K) is classical Shannon entropy measuring un-
certainty about K, and H(K|T) is the conditional Shannon
entropy of K given T.I(K; T) measures the uncertainty about
K after the attacker has learned the execution time T. We
manually create attacks to explore the maximum amount
of leakages according to [14]. To discretize the execution
time T, we split it into a 20 bins. Note that the closer the mu-
tual information value is to 1, the stronger the relationship
between the branch condition K and execution time T.

The results are summarized in Table 2, which records the
average of 1,000 experiments for each benchmark, where the
best results among different methods are in bold face. The
second and third columns show the leakage and execution
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time without any defense. The other columns show the leak-
age with the corresponding defense and the overhead (calcu-
lated as the ratio: execution time with the defense/execution
time without defense) induced by the defense.

Effectiveness. Overall, we can observe that (1) all these safe
programs become vulnerable (i.e., nonnegligible leakage) due
to JIT compilation; (2) disabling JIT compilation (NOJIT) can
effectively reduce JIT-induced leakages for most programs
except for array, login, loopbranch, straightline and unixlogin;
(3) DEJITLEAK and DEJITLEAK1igh: perform significantly
better than DisableC2 and MExculde, even better than NOJIT
on some benchmarks (e.g., md5, array, login, loopbranch,
sanityjdk and jetty); (4) DEJITLEAK and DEJITLEAK] jgpt are
almost comparable.

Efficiency. We measure the efficiency of respective method
by the times the execution time is increased. In general, (1)
NOJIT incurs the highest performance cost; (2) DisableC2
and MExclude lead to nearly 2-7 times runtime overhead; (3)
DEJITLEAK incurs more overhead than DisableC2 and MEx-
clude; (4) DEJITLEAK)ight brings the least runtime overhead
(up to 1.82 times).

On some benchmarks (e.g., authmreloaded, array, login,
loopbranch, sanity and jdk), DEJITLEAK performs better than
DisableC2. It is because DisableC2 completely disables C2
mode compilation for all the methods, whereas DEJITLEAK
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disables JIT compilation and procedure inline of methods
invoked in secret branches. Thus, DEJITLEAK performs better
than DisableC2 when many methods can be compiled in
the C2 mode at runtime. We note that MExclude allows
JIT compilation and inlining of methods invoked in secret
branches, thus outperforms DEJITLEAK in general. When
many methods contain secret branches but few methods are
invoked therein, MExclude performs worse than DEJITLEAK.
We shall discuss some interesting case studies below.
array, login, loopbranch, straightline, unixlogin: Ex-
perimental results show that their leakages are significant
in practice, although these benchmarks were claimed of
leakage-free or only have slight leaks under their leakage
models without JIT compilation [5, 20, 41]. Interestingly,
both DEJITLEAK and DEJITLEAK) i ght are able to significantly
reduce the leakage of array, login, loopbranch, and straight-
line. This is because the percentage of timing difference is
fixed, the program speeds up with the JIT compilation (i.e.,
lower overhead), making side channel-unstable and difficult
to observe due to the fixed noise. The case for unixlogin is
slightly different. Recall that unixlogin is a patched version
by DifFuzz to resolve the NullPointerException error in its
original version from Blazer. However, this patch introduced
a leakage which is always significantly observable.
stringutils: We observe that only NOJIT effectively reduces
the JIT-induced leakage of stringutils. We found that stringutils
evaluates a method in Apache FtpServer that pads a string to
a specified length, where an insecure version would leak in-
formation about the original string’s length. DEJITLEAK and
DEJITLEAK)ight successfully eliminated the JIT-induced leak
in this method, guaranteeing the balance of secret branches
in the native code. However, due to CPU-level optimizations
(e.g., speculative execution), the execution time of different
branches varies with secret inputs.
k96, modpow1, modpow2: Similar to stringutils, we ob-
serve that only NOJIT effectively reduces their JIT-induced
leakages. These programs implement various components of
the RSA cryptosystem’s modular exponentiation using the
classic square-and-multiply algorithm, thus their leakages
would result in key recovery attacks [33]. DEJITLEAK and
DEJITLEAK1ight indeed can guarantee that no leaks are in-
duced by JIT compilation in the native code. However, due to
CPU-level optimizations, the execution time of the branches
varies with secret inputs. To reduce such noise, we created
patched versions k96”, modpow1™ and modpow2”* by moving
the time-consuming operations from branches to outside of
their branching point. After patching, most defense solutions
are able to reduce the JIT induced leakages.
bootauth: DEJITLEAK is not effective on bootauth, due to
an unbalanced statement in bytecode. Since DEJITLEAK only
disables JIT compilation of the methods invoked in secret
branches, but other methods can be JIT complied including
the C2 mode compilation. Thus, DEJITLEAK is only able to
eliminate the TopT1 leak, but amplifies the timing difference
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of these branches compared over the entire execution time,
whereas the others do not amplify the timing difference.

7 Related Work

Timing side-channel attacks have attracted many attentions,
with a significant amount of work devoted to its detection [15,
38, 41, 44], verification [4, 5, 7, 12, 20, 22, 23] and mitiga-
tion [1, 19, 22, 39, 52, 53], which vary in targeted programs,
leakage models, techniques, efficiency and precision, etc.

More recent work focus on other sources of timing side-
channels, induced by micro-architectural features (e.g., Spec-
tre [32] and Meltdown [36]) or compilation (e.g., JIT-induced
leaks [14]) where provably leakage-free programs (or with
slight leakages) may become vulnerable when they are taken
into account [18]. Our work is within this category.

Micro-architectural features allow new timing side-channel
attacks such as Spectre, Meltdown and variants thereof [17,
18, 40,45, 48]. This problem has been recently studied [18, 26—
28,30, 49, 51, 54-56], where speculative execution semantics,
notions of constant-time under the new semantics, detection
and mitigation approaches, etc, have been proposed. Among
them, Blade is the closest to our work, which aims to ensure
that constant-time programs are leakage-free under spec-
ulative and out-of-order execution. Our work is similar in
spirit, but as the leaks induced by JIT compilation and micro-
architecture features are different, the concrete technology
(e.g., security notions, detection and mitigation approaches)
in this paper is new. Moreover, as discussed in our experi-
ments, native code compiled from bytecode may suffer from
leakages induced by micro-architectural features. Such leak-
ages could potentially be eliminated by integrating existing
mitigation approaches (e.g., Blade) into JIT compilation.

Besides JIT compilation, static compilation can also intro-
duce timing leakages. To address this problem, constant-time
preserving compilation has been studied [10] and subse-
quently implemented in the verified compiler CompCert [8].
However, they disallow secret branches, increasing the diffi-
culty of implementing constant-time programs. Follow-up
work includes constant-resource preserving compilation [9].
However, neither of them considered JIT compilation which
is far more complex than the static compilation.

The work on JIT-induced timing channel is very limited.
The work close to ours is [13, 14, 16]. The JIT-induced leaks
proposed in [14] demonstrated how JIT compilation can be
leveraged to mount timing side-channel attacks. A fuzzing
approach was proposed to detect JIT-induced leaks [16].
However, it can neither prove free of JIT-induced leaks nor
mitigate JIT-induced leaks. The three strategies (i.e., NO-
JIT, DisableC2 and MExclude) proposed in [13] have been
discussed and compared in Section 2.2 and Section 6.2.

8 Conclusion and Future Work

We have presented an operational semantics and a formal
definition of constant-time programs under JIT compilation,
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based on which we have proposed an automated approach
to eliminate JIT-induced timing side-channel leaks. Our ap-
proach systematically detects potential leaks via a precise
information flow analysis and eliminates potential leaks via
a fine-grained JIT compilation. We have implemented our
approach in the tool DEJITLEAK. The evaluation shows that
DEeJITLEAK is more effective than existing solutions and pro-
vides a trade-off between the security and performance. The
lightweight variant DEJITLEAK] ignht of DEJITLEAK pushes
the limit of overhead further with comparable effectiveness.

In the future, we plan to improve our approach by taking
into account other JIT optimizations and CPU-level optimiza-
tions. The efficiency could also be improved by refining the
granularity of our fine-grained JIT compilation, e.g., methods
invoked in both branches of a secret branch point could be
inlined simultaneously which would not break the balance
of the two branches.
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A Supplementary Material

This is supplementary material of the submission entitled
“DEJITLEAK: Eliminating Just-In-Time Compilation Induced
Timing Side-Channel Leaks".

A.1 Demonstration of Branch Prediction (TBRAN)

To demonstrate the TBRAN timing side-channel, we use a
simple method verifyPin shown in Figure 6a. It accepts a user-
supplied parameter input and returns false if input!=pin and
true otherwise. Clearly, it is not vulnerable without JIT com-
pilation. However, verifyPin indeed is vulnerable to TBRAN.
To trigger TBRAN, we execute verifyPin 50,000 times with
pin=0xdeadbeaf, where input is randomly generated with
probability of % being 0Oxdeadbeaf. The execution of the if-
branch is more often than that of the else-branch, triggering
the branch predication optimization. After JIT compilation,
the if-branch will take less time than the else-branch. This is
justified by executing verifyPin 2,000 times (1,000 times for
input==pin and 1,000 times for input!=pin), and computing
the distribution of execution time, shown in Figure 6b. As
a cross reference, Figure 6c shows the distribution of exe-
cution time with JIT compilation disabled. We can observe
that the executions time of two branches is almost the same
when the JIT compilation is disabled, while there exists a gap
between the execution time of two branches when the JIT
compilation is enabled. This difference allows the adversary
to determine if input is the correct pin without knowing the
return value of the method in a “blind” scenario.

By disabling the branch prediction of the conditional state-
ment, the TBRAN-induced leakage is prevented, justified by
the execution time shown in Figure 6d. Note that the veri-
fyPin method could be JIT compiled when our approach is
applied.
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A.2 Demonstration of Method Compilation
(TMETH)

To demonstrate the TMETH timing side-channel, consider
the checkSecret method shown in Figure 7a, which is ex-
tracted and simplified from the STAC canonical program
categoryl [46]. It is not vulnerable in interpreted mode when
the execution time of consumel and consume? is identical.
However, if one of the methods is compiled or inlined at
runtime while the another one is not, the branches will have
unbalanced execution time, thereby introducing a new tim-
ing side-channel. To justify this, we invoke checkSecret only
once with n = 500 and guess being a very small number. This
enforces consumel in the if-branch to be invoked 250,000
times, large enough to trigger the method compilation of
consumel. After that, as shown in Figure 7b, for each input
guess, if the execution time is small, we can deduce that
guess<secret, while if the execution time is large, we can de-
duce that guess>secret. As a cross reference, Figure 7c shows
the distribution of execution time with JIT compilation dis-
abled, indicating that the execution time of the branches is
similar. This side-channel is very stable, as the adversary can
repeatedly first invoke checkSecret in advance by passing a
very small number which triggers the method compilation
of consume1, then the subsequent invocation of checkSecret
uses some data to check if it is correct, leading to a leak. To
speed up the guess-and-check process, the adversary could
use a binary search.

By disabling the JIT compilation of the consume1 and
consume?2 methods, the leak induced by TMETH is prevented,
justified by the execution time shown in Figure 7d. Note that
the checkSecret method could be JIT compiled when our
approach is applied.

A.3 Full Explanation of the Semantics

Instruction push o, pushes the value v on top of the operand
stack. Instruction pop, just pops the top of the operand stack.
Instruction binop op pops the top two operands from the
operand stack and pushes the result of the binary operation
op using these operands. Instruction ifeq j (resp. ifneq j)
pops the top v of the operand stack and transfers of control
to the program point j if v = 0 (resp. v # 0), otherwise to
the next instruction, i.e., the program point j + 1. Instruction
swap, swaps the top two values of the operand stack. Instruc-
tion store x (resp. put y) pops the top of the operand stack
and stores it in the local variable x (resp. global variable y).
Instruction load x (resp. get y) pushes the value of the local
variable x (resp. global variable y), on top of the operand
stack. Instruction goto j unconditionally jumps to program
point j.

Instruction return ends the execution of the current method,
returns the top value v of the current operand stack, either
by pushing it on top of the operand stack of the caller and re-
executes the caller from the return site if the current method
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boolean verifyPin(int input){

boolean equal= false; 73‘400
if (input != pin) { o 350
equal = false; 5300
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return r;} 0
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Figure 6. The verifyPin method and its execution time with JIT enabled and disabled under TBRAN

void checkSecret(int guess) { 16

if (guess <= secret) { I

for (int i = 0; i < n; i++) £20
for (int t = 0; t <n; t++) 2

consumel(); 3} "21»5
else { S

for (int i = 0; i < n; i++) 310
for (int t = 0; t < n; t++) £

Tos

consume2() ;

}

guess < secret

(b) JIT enabled

guess > secret

(a) The checkSecret method

e

~
Execution time (ns)

Executlon time (n

[N

18 1e7
16
1.4
1.2

guess < secret

Il

guess < secret  guess > secret guess > secret

Figure 7. The checkSecret method and its execution time under TBRAN

is not the entry point, or enters a final configuration (h, v) if
the current method is the entry point.

Instruction deopt md deoptimizes and rolls back to the
bytecode in the interpreted mode. This instruction is only
used in native code and inserted by JIT compilers. Our se-
mantics does not directly model a deoptimization implemen-
tation. Instead, we assume there is a deoptimization oracle
O which takes the current configuration and the meta data
md as inputs, and reconstructs the configuration (i.e., heap
h’, state s and the call stack cs’). Furthermore, the bytecode
version base_version(m) of the method m is restored into
the code heap ch. We assume that the oracle O results in the
same heap h’, state s and call stack cs’ - ¢s as if the method
m were not JIT compiled.

The semantics of method invocation invoke m’ depends
on the directive d. If d is dgy then the instructions of m’ in
the code heap ch remain the same. If d is valid, namely, the
optimized version V,,» after applying d has larger version
number than that of the current version V,,, the new op-
timized version m”’ = d(m’) is stored in the code heap ch.
After that, it pops the top |argv(m’)| values from the cur-
rent operand stack, passes them to the formal arguments
argv(m’) of m’, pushes the calling context on top of the call
stack and starts to execute m’ in the code heap.
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(c) JIT disabled (d) Mitigated
0: load xq 0: load xq
1: get pin 1: get pin
2: sub 2: sub
3: ifeq 6 3: ifeq 6
4: push 0 4: push 0
5: goto 8 5: return
6: push 1 6: push 1
7: goto 8 7: goto 5
8: return 8: goto 5

Figure 8. Before branch Figure 9. After branch pre-
prediction optimization diction optimization

A.4 Formal Definition of the New Method m’ After
Branch Prediction

If the profiling data show that the program favors the else-
branch instead of the if-branch, the branch prediction opti-
mization transforms the method m into a new method m; as
follows:

e m;y[i] becomes ifeq j” (resp. ifneq j’) if m[i] is ifeq j
(resp. ifneq j), where j”” = |m| — j’ + j — 1 is the point
of the first instruction of the if-branch B in my;

e the if-branch B} in m is the if-branch By, but is moved
to the end of the method and appended with goto j —1,
namely, mi[|m|—j" +j—1,|m—2|] = m[j,j —1] and
mi[Im - 1]] = goto j - 1;

e the else-branch B]'C in m, is the else-branch B¢, where
the last instruction goto j’ is removed, namely, m1 [i +
Lj-2]=mli+1,j-2];
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Method m; Method m,

i: ifeq m|-j+j-1: i: ifneq |m|-j +i-1:
j-2: J"-j+i:-

I[m|-j+j-1:© uncommon |m|-j+i+1: " uncommon
trap trap

To if-branch of i: ifeq j To else-branch of i: ifeq j

Figure 10. Optimistic compilation optimization

o furthermore, the target points of other conditional and
unconditional jumps are revised accordingly.

Example A.1. Consider the method verifyPin shown in
Figure 8, where the else-branch is at lines 4-5 and the if-
branch is at lines 6-7. Note that the instruction at line 7 is
added to balance the execution time of the two branches,
which is done by manipulating the bytecode.

We can get Ty, (verifyPin, 3, else-b), as shown in Figure 9,
where the else-branch is at line 4 and the if-branch is at lines
6-8. Obviously, the optimization unbalances the execution
time of the two branches. Note that the instruction at line 8
is dead code, hence may be removed by other optimizations
(e.g., peephole optimization), but the execution time of the
two branches is still unbalanced.

A.5 Methods m; amd m; after Optimistic
Compilation

Figure 10 (left-part) shows the method m’ after the optimistic
compilation optimization when the profiling data show that
the if-branch almost never gets executed.

Figure 10 (right-part) shows the method m’ after the op-
timistic compilation optimization when the profiling data
show that the else-branch almost never gets executed.

A.6 Proof of Theorem 4.1

Theorem 4.1. Given a program P, if P is constant-time and
(proty, prot,, sigp) > P, then P is JIT-constant-time under
(proty, prot,)-schedules.

Proof. Consider the program P. Assume P is constant-time
and (proty, prot,,sigp) > P holds. To prove that P is JIT-
constant-time under (prot;, prot,)-schedules, we first in-
troduce some notations.

Recall that for every method m and every valid directive
d € D,,, we denoted by d(m) the new optimized version
of m after applying the directive d. For a sequence of valid
directives d; - - - d,, of m, we denote by [d; - --d,](m) the
latest optimized version of m after sequentially applying the
directives d; - - - d,;, where [€](m) = m.
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For each method m with sigp(m) = (pt;, hty,It;) —p,
(ht}, 7), two configurations ¢y = (ch,h,(0,m, p,€),€) and
¢y = (ch,h’,(0,m, p’, €), €) are sigp(m)-equivalent, denoted
by ¢o ~sig,(m) ¢, if h and h’ agree on the variables that
have high security level H in ht;, and p and p’ agree on the
variables that have high security H level in It;.

To prove that P is JIT-constant-time under (prot,, prot,)-
schedules, we first prove the following lemma:

Lemma A.2. Consider a method m and two configurations
co = (ch h,{0,m,p,€),€) and cj = (ch, H,{0,m, p’, €),€)
such that ¢y ~gig,(m) ¢;- Given a sequence of valid directives
dy - --dp of m wrt. the policy (proty, prot,), let ¢, and c; be

two configurations such thatc; = (ch, h, (0, [d; - - - d,, ] (m), p, €), €)

andcy = (ch, 0,0, [d; - --d,](m), p’, €), €). We have:
if cf(co Ud; c1) = Cf(C(’) qu*, 1),
then cfte Uy 1) = fic) ag <))

We prove this lemma by induction on the length of the
sequence d; - - - d,,. The base case follows from the fact that
[e](m) = m. We consider the inductive step n > 1.

Letcs = (ch, h, (0, [d; - --dn—1](m), p, €),€) and ¢} = (ch, I,
<0, [dl T dn—l] (m), P’» 6>, 6)~ Then, ¢; sigp (m) Cé. By apply-
ing the induction hypothesis: we get that cf(cs Ud@* c1) =
cf(c; Ud(? c;)-If d, = dy, the result immediately follows. We
consider d,, = (t, w).

Let ¢4 = (ch,h,{0,t([d; ---dp_1](m)), p,€),€) and ¢; =
(Ch9 h/, <0’ t([dl e dn—l] (m))’ Pl, 6>3 6)' Then’ Cq 2SigP(m) C!;-

Since the directive d,, respects the (prot,, prot,) policy
and (proty, prot,, sigp) > P, all the methods specified in ¢
can be invoked only with the path context L. This implies
that the subsequences of executed instructions of the inlined
methods are the same in the JIT-executions c4 Uda ¢ and
cy llda c;, we get that cf(cy Uda c1) = cf(cy Ud6 c;)- Note
that we have already assumed that the cost equivalence of
bytecode instructions are preserved in native code.

Let us now consider the sequence w of optimizations to
branch points. As (proty, prot,,sigp) &> P, no branch points
whose the path context or condition is H can appear in o,
thus all the branches of the branch points of w are the same
int([dy---d,—1](m)) and [d; - - - d,,] (m) (module the code
format, i.e., bytecode vs. native code if n = 1 and ch(m)
is bytecode). Since the subsequences of executed branches
of the branch points with the path context L are the same
in the JIT-executions ¢, Ud$ c; and c; ﬂda c;, we get that
cf(ca oy 1) = cf(c} U <))

Now, we start to prove that P is JIT-constant-time under
(proty, prot,)-schedules.

Consider a pair of initial configurations (co, c;) of P with
o =pub € and ¢y ~cp ¢;. Let ¢; and ¢} be the configurations
obtained from ¢y and c; by replacing the code heap with the
bytecode version. Then, there exists a valid (prot, prot,)-
schedule d* such that the code heap in ¢, and c; is equal to
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the bytecode version after applying d*. Since P is constant-
time, we get that cf(c; Ud$ c) = cf(c] Udg ¢’). By Lemma A.2,
we have: cf(co Ud3 ¢) = cf(c, Ud5 c’).

Consider a pair of valid (prot;, prot,)-schedules d} and
dy for co and ¢{. Then, only methods m € M \ prot; can
be JIT compiled or inlined, namely, only methods that are
never invoked with the path context H can be JIT compiled
or inlined. Since (proty, prot,, sigp) > P and ¢y ~pup ¢;, We
obtain that d} and d} must be the same.

We show that cf(cg Hdl* c) = cf(c Udl* ¢’) by induction
on the number of non-d6 directives in dj. The base case
follows from the fact that cf(cg Ud6 c) = cf(c; Ud$ ¢’). For
the inductive step, we assume that d} is the (prot;, prot,)-
schedule obtained from d} by replacing the last directive
d € Dy, of d] with the directive dy. By applying the induction
hypothesis, we get that cf(co Ud; c) = cf(c; Ud; ¢’). By
Lemma A.2, we get that cf(c Udf c) = cf(c Udl* c’). O
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