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Abstract

We introduce HiPEr[iT, a profile-driven Just-in-Time compiler for the BEAM ecosystem
based on HiPE, the High Performance Erlang compiler. HiPErJiT uses runtime profiling to
decide which modules to compile to native code and which of their functions to inline and
type-specialize. HiPErJiT is integrated with the runtime system of Erlang/OTP and pre-
serves aspects of Erlang’s compilation which are crucial for its applications: most notably,
tail-call optimization and hot code loading at the module level. We present HiPEr]JiT’s ar-
chitecture, describe the optimizations that it performs, and compare its performance with
BEAM, HiPE, and Pyrlang. HiPEr[iT offers performance which is about two times faster
than BEAM and almost as fast as HiPE, despite the profiling and compilation overhead
that it has to pay compared to an ahead-of-time native code compiler. But there also ex-
ist programs for which HiPErJiT’s profile-driven optimizations allow it to surpass HiPE’s
performance.
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Chapter 1

Introduction

Erlang is a concurrent functional programming language with features that support the
development of scalable concurrent and distributed applications, and systems with require-
ments for high availability and responsiveness. Its main implementation, the Erlang/OTP
system, comes with a byte code compiler for its virtual machine, called BEAM, which
produces portable and reasonably efficient code. For applications with requirements for
better performance, an ahead-of-time native code compiler called HiPE (High Performance
Erlang) can be selected. In fact, byte code and native code can happily coexist in the Er-
lang/OTP runtime system.

Despite this flexibility, the selection of the modules of an application to compile to native
code is currently manual. Perhaps it would be better if the system itself could decide on
which parts to compile to native code in a just-in-time fashion. Moreover, it would be
best if this process was guided by profiling information gathered during runtime, and was
intelligent enough to allow for the continuous run-time optimization of the code of an
application.

1.1 Thesis goals

In this thesis we will describe the design and implementation of HiPErJiT, a profile-driven
Just-in-Time compiler for Erlang based on HiPE. We believe that it is a solid first step
towards a continuous run-time optimizing compiler. Our main goals are that HiPEr]JiT:

e Achieves performance benefits over other Erlang compilers.
e Preserves all the important features of Erlang.
e [s easy to maintain and keep in-sync with other Erlang/OTP components.

HiPErJiT employs the tracing support of the Erlang runtime system to profile the code
of bytecode-compiled modules during execution and choose whether to compile these
modules to native code, currently employing all optimizations that HiPE also performs
by default. For the chosen modules, it additionally decides which of their functions to
inline and/or specialize based on runtime type information. We envision that the list of
additional optimizations to perform based on profiling information will be extended in
the future, especially if HiPEr[iT grows to become a JiT compiler which performs lifelong
feedback-directed optimization of programs. Currently, JiT compilation is triggered only
once for each loaded instance of a module, and the profiling of their functions is stopped
at that point.

1.2 Thesis outline
The thesis is organized into the following chapters.
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Chapter 2 provides background information related to Erlang, the Erlang Run-Time
System, the various Erlang compilers, and previous work on Just-in-Time compila-
tion.

Chapter 3 presents the architecture of HiPErJiT and the rationale behind some of our
design decisions.

Chapter 4 describes the profile-driven optimizations that HiPErJiT performs.

Chapter 5 presents a performance evaluation of HiPErJiT compared to other Erlang
compilers.

Chapter 6 describes the current state of HiPErJiT and proposes possible future work.



Chapter 2

Background

2.1 Erlang, ERTS, and HiPE

Before describing our work, it is crucial that the reader understand the fundamentals of
Erlang, its runtime system, and its standard ahead of time compiler, namely HiPE.

2.1.1 Erlang

Erlang is a dynamically typed, strict, concurrency oriented, functional language. It is
designed to be used for applications in telecommunication systems. Because of that, it was
designed to satisfy six essential requirements [Arms03].

e Concurrency: Very small overhead to create, destroy, and maintain a large number
of concurrent processes.

e Error Encapsulation: Errors occurring in one process should never damage other
system processes.

e Fault Detection: It must be possible to detect errors both locally (in the same process)
or remotely (in a different process).

e Fault Identification: It must be possible to identify the cause of an error, so that
corrective action can be taken.

e Code Upgrade: It should be possible to change code as it is executing, without
stopping or restarting the system.

e Stable Storage: It should be possible to store data in a manner that is resilient against
system crashes.

The Erlang view of the world is that everything is a process and that each process is
isolated, shares no resources, and interacts with each environment only" through message
passing.

As there are no shared data structures, monitors, locks, etc... in Erlang it is easy to
understand how concurrency works after understanding Erlang’s sequential subset. This
subset is a dynamically typed, strict, functional programming language, which is largely
free from side effects.

Sequential Erlang

Erlang has eight primitive data types.

' Technically there also exist other ways for processes to communicate, such as the Erlang Term Storage
(ETS) which allow for data to be accessed from all processes in a system.

17



e Integers of unlimited precision. Examples: 42, 2#101, 16#1f.

e Atoms are used to denote distinguished values. They are sequences of alphanumeric
characters beginning with a small letter. In case they contain spaces or capital letters
they must be enclosed in single quotes. Examples: hello, phone_number, ’Monday’.

e Floats are represented as IEEE 754 64 bit floating point numbers [IEEE08]. Exam-
ples: 2.3, 2.3e3, 2.3e-3.

e References are globally unique symbols whose only property are that they can be
compared for equality. They are created by calling the function make_ref/o.

e Binaries are sequences of bytes. They are used to efficiently store binary data. Ex-
amples: <<10,20>>, <<”ABC">>, <<1:1,0:1>>.

e Pids are process identifiers, that are used to reference processes. Example: <0.51.0>.

e Port Identifiers are similar to Pids, but are used to identify ports, which are the basic
mechanism for the communication with the external world. They are created by
calling the function open_port/2.

e Funs are function closures, also known as lambda expressions in other languages.
Example: fun (X) -> x+1 end.

Erlang also supports three compound data types.

e Tuples are fixed size containers of Erlang data types. Example: {adam, 24, {july, 29}}.

e Lists are variable size containers of Erlang data types. They are generally similar to
list data types in other functional programming languages. A very useful operation
on lists is cons | which separates its head and its tail. Examples: [1, [a,2,{c,4}],

[11021[111-

e Maps contain a variable number of key-value associations, where the key and the
value are Erlang data types. Each association is called an association pair, and the
number of association pairs is called the size of the map. Example:

#{name=>adam, age=>24, date=>{july, 29}}.

There are also two main forms of syntactic sugar regarding those data types.

e Strings are simple lists of integer ASCII codes. Examples: "hello”, [104,101,108,108,111].

e Records allow for the elements of a tuple to be assigned a name so that they can be ref-
erenced by name and not by position. Example: #person{name=adam, age=24, date={july, 29}}.

Erlang contains variables as most other languages. They can be thought as single assign-
ment variables in other standard languages. Practically they are bound to a value and then
represent it for the rest of the program. They are written using a sequence of characters
starting with an uppercase letter or the character underscore _. Examples: var, _v, _

Variables in Erlang are bound to values using a Pattern Matching mechanism, which
is based on Erlang terms and patterns. In Erlang a term is defined recursively as either a
primitive data type or a tuple of terms or a list of terms or a map of terms. Practically a
term in Erlang is any data type.

A Pattern is similarly defined recursively as either a primitive data type or a variable
or a tuple of patterns or a list of patterns or a map of patterns. A primitive pattern is a

pattern where each variable occurs just once.

18
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After defining terms and patterns, Pattern Matching can be thought as a recursive
comparison between a pattern and a term. Three requirements must be met for a pattern
match to succeed.

e The pattern must be primitive.

e The pattern must be either equal to the term, or contain a variable in the position
where the term contains an inner term.

e Each variable should be either bound to a term equal to its corresponding term or
should be unbound. In case it is unbound, the pattern match leads to a consequent
bounding between the variable and the corresponding term.

Below are some examples of successful and unsuccessful pattern matches.

-
%% Successful pattern matches

1=1.

X = 2.

{y, z} = {1,3}.

[A, 2] = [42, 2].

%% Unsuccessful pattern matches
{B, 1} = {1,2}.

[1=1[11.

Listing 2.1: An example of successful and unsuccessful pattern matches.

It is sometimes useful to extend a pattern match with a set of constraints on the matched
pattern. This is achieved by using guards, which are expressions that refine patterns
with predicates. They are introduced with the when keyword and they can only contain a
sequence of binary operators, such as <, >, ..., and some built-in functions. Below are
some examples of patterns extended with guards.

{Tag, Message} when Tag /= quit
Number when Number >= 0

Listing 2.2: An example of guarded patterns.

The most fundamental Erlang construct is functions. Functions in Erlang are defined
similarly to how they are defined in other functional languages. A function definition
contains clauses, each of whom is composed of a head and a body. The head contains
patterns and guards and the body contains a sequence of expressions.

FunctionName(P11, ..., P1IN) when G11, ..., GIM ->
Body1;

FunctionName(P21, ..., P2N) when G21, ..., G2M ->
Body2;

FunctionName(PK1, ..., PKN) when GK1, ..., GKM ->
BodyK.

Listing 2.3: An example of a function definition.

In the above example FunctionName is an atom, P11, ..., PKN are patterns, i1, ..., GKM are
guards, and Body1, ..., Bodyk are sequences of expressions.
In order to evaluate a function call Fun(Arg1, Arg2, ..., Argn) a satisfying definition has

to be found. The satisfying definition is the first one where the function name is the same
Fun = FunctionName and all arguments match to the guarded patterns Arg1i = Pi1 when Gi1,

19
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After finding the satisfying definition, all free variables occuring in patterns of it are

bound with the actual arguments based on the rules that were discussed above. Then the
expressions of the body are evaluated. The function call then returns the value of the last
expression in its body.

member (H, [H1]|_]) when H == H1 -> true;
member (H, [_|T]) -> member(H, T);
member (H, [1) -> false.

Listing 2.4: An example of a member function definition

The function call member(dog, [cat,man,dog,ape]) would be evaluated as follows:

e The first clause matches with bindings {# > dog, H1 — cat}. The guard test then fails.

e The second clause matches with {H +— dog, T + [man,dog,ape]}. There are no guards
so the member(H, T) is evaluated.

e Evaluate member(dog, [man,dog,ape])

e As before the second clause matches with {H — dog, T — [dog, ape]}.

e Evaluate member(dog, [dog,ape])

e The first clause matches with {H — dog, H1 — dog} and the guard test succeeds.

e Evaluate true and return true.

An important characteristic of functions in Erlang is that they can be tail-recursive. A tail-
recursive function is a function whose final expressions in its bodies are either variables
or function calls, also known as tail-calls. Let us clarify that with an example:

-

%% Not tail recursive as one body ends with N * factorial(N-1)
factorial(0) -> 1;
factorial(N) -> N * factorial(N-1).

%% A tail recursive way of writing factorial
factorial(N) -> factorial_1(N, 1).

factorial 1(0, X) -> X;

factorial 1(N, X) -> factorial 1(N-1, N*X).

Listing 2.5: An example of a tail-recursive factorial definition

The importance of tail recursion is that it can sufficiently replace loop constructs that are
present in other languages. As Erlang does not contain any loops and while constructs,
tail-recursion is the only way to achieve this behaviour. In order to understand this,
consider the following simple example:

p() ->
a(),
a() ->

rQ),
s().

Listing 2.6: An example of tail recursion used as a simple loop

20
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At some point during the evaluation of the body p, function g is called. The final expression
in the body of q is a function call to s. s will return a value to q, and q will just return
it unmodified to p. Function calls are normally compiled to code that also keeps a return
address somewhere (usually in the stack), thus memory limits disallow infinite function
calls as the stack will eventually become full. As q does not modify the returned value in
some way, there is no need to keep the return address g and a tail-call can be compiled into
a simple jump instruction [Stee77]. Because of that, tail-recursive functions can replace
loops without consuming unnecessary memory.

Erlang also contains a set of Built-In Functions (BIFs), which are implemented in C
code in the runtime system. They implement useful behaviour that is usually too low level
to implement in Erlang. For example:

is_float(var).

[ atom_to_list(erlang).

Listing 2.7: Example BIFs

Erlang code is divided into modules. Modules consist of a sequence of attributes and
function definitions.

r

-module(factorial). % module attribute
-export([fact/1]). % module attribute

fact(N) when N>0 -> % beginning of function declaration
N * fact(N-1); % |

fact(0) -> % |
1. % end of function declaration

Listing 2.8: A module containing a factorial function

Module attributes define certain properties of the module. They consist of a tag and
a value. In the above example there are two attributes. The first one, with tag module
and value factorial, indicates the name of the module. The second one indicates which
functions are exported from the module, which means which functions can be called by
code outside of this module. In order to call a function from an external module, the
function call must also contain the module name. Example: factorial:fact(5) instead of
just fact(5).

An important note is, that there also exist other predefined module attributes, such as
macro and type definitions. Users can also define their own module attributes.

Concurrent Erlang

After briefly describing the sequential subset of Erlang, it is possible to move on to its
concurrent part. As also noted above, Erlang is based on isolated processes, which interact
through message passing.

An Erlang process is a self-contained separate unit of computation, which exists con-
currently with other processes in the same system. There is no inherent hierarchy among
processes, however the developer can explicitly impose one if they wish.

Creating processes is done by calling the BIF spawn/3, which creates a new process
and starts its execution, using the given function and arguments. A call to spawn returns
immediately after the new process is created and does not wait until the evaluation of
the starting function. When the evaluation of the starting function finishes, the spawned
process is terminated automatically.

In Erlang processes only communicate between each other via message passing. Mes-
sages are sent to a process with pid using the primitive send operation pid ! Message.

21
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Send (1) first evaluates its arguments and returns the message sent after evaluation.
The send command is asynchronous, so it will return immediately and will not wait for the
message to arrive to the destination or be received. The system will not notify the sender
if the process to which the message is being sent, has already terminated. The application
must itself implement all forms of checking. The system only ensures that messages are
always delivered to the recipient, and that they are always delivered in the same order that
they were sent from the same sender to the same receiver. For example if two messages
Msgl, Msg2 are sent from process A to process B in that order, they will always arrive to B
in that order.

Receiving messages is achieved using the primitive receive, which has the following
syntax:

-

receive
Messagel [when Guardil] ->
Actionsi;
Message2 [when Guard2] ->
Actions2;
end

Listing 2.9: The syntax of receive

Every process has a mailbox where all messages that are sent to the process are stored
in the order that they arrived. A receive checks all patterns Message1, Message2, ... and
tries to match them against messages in the process’ mailbox. When a matching message
MessageN is found and the corresponding guard is satisfied, the message is removed from
the mailbox and then Actionsn are evaluated. Pattern matching works as described above.
Any messages left in the mailbox, that are not selected, will remain in the mailbox in the
same order that they were delivered and they will be matched against the next receive.
The process evaluating receive will block until a matching message is found in the mailbox.

It is possible to implement a selective receive mechanism in Erlang, however as messages
not matched are left in the mailbox, it is the application’s responsibility to make sure that
the system does not fill up with unmatched messages.

Here is an example showing the message receiving order in Erlang. It is taken from
[Vird96].

Mailbox
- msg 1 msg 1 msg 1 msg 4
Head - - - -
msg 2 msg 2 msg 4
msg_3 msg_4
msg_4
(@) (b) © (d)

Figure 2.1: Message Reception

A process mailbox initially contains four messages (Fig. 2.1 (a)) msg_1, msg_2, msg_3, msg_4
in this order.
Then the following receive is evaluated:

22
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receive
msg_3 ->

end

Listing 2.10: First evaluated receive

The result is that msg_3 is matched and subsequently removed from the mailbox, as
shown in Fig. 2.1 (b).
When the following receive is evaluated:

receive
msg_4 ->

msg_2 ->

end

Listing 2.11: Second evaluated receive

This will try to match each message in the mailbox against msg_4 and then against msg_2.
This results in msg_2 being matched and removed, as shown in Fig. 2.1 (¢).
Finally evaluating:

receive
AnyMessage ->

end

Listing 2.12: Third evaluated receive

where AnyMessage is unbound, results in msg_1 being matched and removed from the
mailbox, as shown in Fig. 2.1 (d).

2.1.2 Erlang Run Time System - ERTS

The Erlang Runtime System is complex and contains many independent components.
There is no official definition of what an Erlang Runtime System is, so we will focus on
the de facto Erlang Runtime System implementation “Erlang/OTP”, which is developed and
maintained by Ericsson. We will call it ERTS (Erlang Run Time System).

An Erlang application or system is usually just a node that runs ERTS and the BEAM
virtual machine. According to the Erlang/OTP documentation, a node is an executing
runtime system that has a given name.

The layers that an Erlang application runs on are shown in Fig. 2.2 %

We need to make sure that ERTS satisfies the requirements that we discussed in Sec-
tion 2.1.1. As we pointed out Erlang is a concurrency oriented language and so it must
maintain a large number of concurrently executing processes. To achieve that, those pro-
cesses must be scheduled in an efficient way. More specifically, the two following criteria
should be satisfied [Vird96]:

e The scheduling algorithm should be fair, so that every process which can be run
will be run. Preferably the processes will run in the order in which they became
runnable.

? Taken from https:/github.com/happi/theBeamBook
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Figure 2.2: ERTS Stack

e No process will be allowed to block for a long time. Every process is allowed to run
for a short period of time, in Erlang known as a time slice, before it is rescheduled
to allow another runnable process to be run.

Time slices are typically set to allow the executing process to perform a fixed number
of reductions’, usually around 2000, before being rescheduled.

Erlang should be suitable for soft real-time applications and because of that, response
times should be in the order of milliseconds. A scheduling algorithm that meets the above
criteria is considered good enough for an Erlang implementation [Vird96].

As Erlang hides all memory management from the user, it is important that automatic
memory management does not violate the criteria mentioned above. In essence automatic
memory management should be done in a manner as not to block the system for a big
length of time, preferably for a shorter time than the time slice of a single process.

Before diving in ERTS and its functionality we will give a brief overview of its compo-
nents and define some necessary vocabulary.

An Erlang process is similar to an OS process. Each has its own memory (stack, heap,
mailbox) and a Process Control Block (PCB) with process information. All Erlang code
execution is done within the context of a single process. Processes only communicate with
each other through message passing. This is even true for processes in different Erlang
nodes.

The Erlang compiler, as its name implies, compiles Erlang source code, contained in
.erl files, into virtual machine bytecode for BEAM (the virtual machine). The compiler
is itself written in Erlang and compiled by itself to BEAM code.

The scheduler is responsible for choosing which Erlang process to execute at any time,
similarly to an OS scheduler.

The ERTS offers automatic memory management, and keeps track of the stack and
heap of each process. The garbage collectoion follows a generational copying garbage
collection algorithm, extended with reference counting for some specific binaries.

BEAM is the Erlang virtual machine used for executing Erlang bytecode. It runs on an
Erlang node. BEAM supports two levels of instructions: Generic instructions and Specific
instructions. As there is no general Erlang Virtual Machine (EVM) definition, we will
consider that BEAM and its generic instruction set are a sufficient blueprint for an EVM.

® For simplicity they can be thought as simple function calls
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Erlang Processes

We have already discussed what Erlang processes are from a high level point of view. In
practice they are just memory.

An Erlang process is basically four blocks of memory: a stack, a heap, a message area,
and the Process Control Block (PCB).

The stack is used for storing return addresses, for passing arguments to functions, and
for storing local variables.

The heap is used to store larger compound structures, such as tuples, lists, and maps.

The message area, is used to store the messages sent to the process from other processes.
It is also known as the process mailbox.

The process control block is used to keep track of the state of the process, similarly to
how the OS manages the state of an OS process.

As a result the PCB is statically allocated and contains a fixed number of fields con-
trolling the process. The stack, heap, and mailbox on the other hand are dynamically
allocated, as their size varies throughout execution.

There is also another memory area that processes have. The Process Dictionary (PD),
which is a process local key-value store. As it is a small memory area, collisions are bound
to happen, so each hash value points to a bucket’. Generally the PD is not used for saving
a lot of data as its implementation is not optimal.

Scheduling

The Scheduler is responsible for choosing which Erlang process to execute at any time,
similarly to an OS scheduler. A simple description is that the scheduler keeps two queues,
a ready queue of processes ready to run, and a waiting queue of blocked processes that
wait to receive a message. A process is moved from the waiting queue if it receives a
message or if a time out happens.

The scheduler picks the first process from the ready queue and lets BEAM handle its
execution for one time slice. BEAM preempts the process when the time slice is used up
and adds the process back to the end of the ready queue. If the process at some point
blocks in a receive during the time slice, it is moved into the waiting queue.

As we have seen a scheduler has only one executing process at any time. Thus paral-
lelism in Erlang is achieved by simultaneously running more than one scheduler.

Garbage Collection

The Erlang Run-Time System offers automatic memory management and keeps track of the
stack and heap of each process. During the execution of the program the stack and heap
can both grow and shrink depending on the memory requirements. Memory management
is based on a per process copying generational garbage collector, extended with reference
counting for specific binaries. The reason that garbage collection (GC) happens on a per
process basis is that, as described above, GC needs to block the system for a short period
of time, preferable even less than a scheduling time slice, so as to retain responsiveness.

The garbage collector is initiated every time there is no free space on the heap (or the
stack as they share the same allocated memory block). The garbage collector allocates a
new memory area called the to space, similarly to other copying garbage collectors. Then
it goes through the stack to find all the live roots, which it follows and copies to the new
heap area located at the to space.

The garbage collector is generational and thus uses a heuristic to look at newer data
most of the time and only occasionally check older data in order to collect them. The

“ Buckets are implemented as lists of key-value tuples
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usual smaller passes are called minor collections, where only new data is examined for
collection. This is usually adequate to reclaim free space. The older part of the heap is
garbage collected during the major collections or full sweeps, which are much less frequent.

Message Passing

As also described above, processes in Erlang communicate through message passing. Send-
ing a message means that the sending process copies a message from its own memory area
to the memory area of the receiving process.

In the early days of Erlang, there was no multitasking in the scheduler, so only one
process could execute at a time. Thus it was safe for a sender process to just copy a
message in the mailbox of a receiving process’ heap.

With the introduction of multicore systems, Erlang was extended with multitasking
by having several schedulers executing in parallel. As a result, it was no longer safe to
write directly on another process’ heap, so a main process lock would have to be acquired
before any copying. However this was very slow, especially if many processes tried to send
a message to the same receiver.

As a result, the concept of heap fragments outside of the main heap area, called m-bufs,
was introduced. If a sender process can not acquire the main process lock of the receiver
process, it instead copies the message to an m-buf. After copying finishes, the message in
the m-butf is linked to the process through the mailbox, by appending it to the receiver’s
message queue. The garbage collector then copies the messages onto the process’ heap.

In order to reduce unnecessary pressure from the GC, the mailbox is divided into
two lists, one containing messages that have already been seen and one containing new
(unseen) messages. This way GC does not have to check the new messages as they are
still in the mailbox and they will surely survive the garbage collection. The seen messages
are contained in the internal mailbox, while the unseen messages are placed in the inbox
queue mailbox.

A simplified layout of all the memory areas of a process is shown in Fig. 2.3 (cite
BEAM BOOK)

PCB Stack PD
free
Mailbox Mailbox
Internal Inbox q. Heap Old Heap
m-buf m-buf m-buf m-buf

Figure 2.3: Process Memory Layout

The Erlang Compiler

The Erlang Compiler is used to generate BEAM code from Erlang source code. It contains
many independent compiler passes and allows for several intermediate outputs during
compilation. We will briefly describe all standard compiler passes.

1. Erlang Preprocessor epp: The first compiler pass is a tokenizer combined with a
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preprocessor. First a preprocessor expands macros as tokens’. A macro right value
should not necessarily be a valid Erlang term.

2. Parse transformations: A parse transformation allows to tweak the Erlang source
language. Custom parse transforms work on an abstract syntax tree (AST) and are
expected to return a new AST. They are allowed to return non valid ASTs as the
validity checks happen in a later compiler pass.

3. Linter: The linter generates warnings for syntactically correct but otherwise bad code.
For example, enabling the export_all flag leads to a warning.

4. Save AST: This pass is used to save an AST In the output file for debugging purposes.
It is enabled through a compiler option. Note that the saved AST does not contain
any optimization as they happen in later passes.

5. Expand: In this pass, source level language constructs are expanded to lower level
Erlang constructs (e.g. Records are expanded to tuples).

6. Core Erlang: It is a strict functional intermediate language. It lies between Erlang
source code and the intermediate code typically found in compilers [CarlO4]. It is
clean and simple, and only allows a few ways to express the same operations. Thus
it facilitates code transformations and compiler optimizations. Core Erlang is regular,
with well defined semantics in order to facilitate tools operating on it.

7. Kernel Erlang: It is a flat version of Core Erlang, where scoping is simpler and each
variable is unique. Pattern matching in Kernel Erlang is compiled to more primitive
operations.

8. BEAM Code: The last step of the standard compilation is the BEAM bytecode format.

9. Native Code: This is an optional last step of the compilation when HiPE [Joha0O0], the
Erlang native compiler, is enabled. In this step native code is generated and stored
alongside the BEAM code in the .beam file. This step contains many smaller steps
that will be further described in Section 2.1.4.

Code Loading in Erlang

In the vast majority of programming languages changing the code that is executed in a
system is a very simple and straightforward procedure. The system is stopped, the code
is changed, and then the system is restarted.

However Erlang is designed for implementing real-time systems, which are often not
allowed to have any downtime at all. As a result they must contain a mechanism that
allows for seamless code change without the need of restarting. In a sequential system this
could be easily done with a short pause, but in a system with many concurrent threads and
processes the mechanism should be more elaborate. This mechanism, known as Hot Code
loading, is provided by the Erlang Run-Time System and its functionality is described
below.

The Erlang system allows for two versions of code of every module to be loaded in
the system at the same time [Arms03]. From now on we will call those two versions old
and current. The first time a module is loaded in the system, its code is considered current.
When a new version of the module is loaded, the previously loaded code becomes old and
the code of the new version is considered current.

® Note that the expansion is not simple string replacement as a macro will always expand as a separate
token and cannot be concatenated to an existing token.
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It is important to note, that in order to support hot-code loading the language makes a
semantic distinction between module-local calls, which have the form f(...), and so called
remote calls which are module-qualified, i.e., have the form m:f(...), and need to look up
the most recently loaded version of module m, even from a call within m itself.

The benefit of having two coexisting code versions is that code change happens gradu-
ally in a process-by-process manner. Each process changes from old to current code when
it executes a remote call. For clarity we present the following example:

-
-module(m).

-export([loop/0@]).

Loop() ->
receive
code_switch ->
%% A qualified function call that could lead to a code change
m:loop();
Otherwise ->
%% An unqualified function call
loop()
end.

Listing 2.13: A server loop that allows for code-change

In this example, a process executing the above loop in an old code version will transition
to the current code only if it receives the atom code_switch as a message.

When all processes have transitioned to current code, the old code is freed (purged)
from memory. However the system is limited to two simultaneous code versions. So if
a newer module version is loaded while processes still execute old code of this module,
those processes are immediately killed and the old code is purged. Then the newer code
becomes current and the previously current code becomes old. Because of that it is necessary
that Erlang developers are extremely careful when loading new code, so that they do not
accidentally lead to any process termination.

2.1.3 Types in Erlang

Erlang is a strongly dynamically typed language. Strongly-typed means that a term cannot
be implicitly coerced to a term of another type. An example of coercion in C (a weakly-
typed language) would be the use of a char value in place of an int value. In Erlang terms
can only be explicitly converted to different types. Dynamically-typed means that types
and type correctness are checked at runtime by added typetests. If a type error occurs,
an exception is thrown. Checking types at runtime also requires a way to associate terms
with types during the program execution. In Erlang this is done by combining the value
of each term with a tag (a sequence of bits) that indicates its type.

Types in Erlang describe sets of terms. Predefined types exist for most standard Erlang
terms, such as integer() and atom(), and for all singleton terms, such as the integer 42 and
the atom foo. All other types are built as unions of those predefined types.

The set of Erlang types is closed under a subtyping relation 7y T T'g that holds if
the set of terms Tz is a superset of T'4. Therefore the set of Erlang types also contains
a top (any()) and a bottom (none()) type. The complete subtyping lattice [Lind05] for all
predefined types is shown in Fig. 2.4.

In a type union between a type and one of its subtypes the subtype is absorbed by the
supertype. For example:

%% The type union
atom() | ’'bar’ | integer() | 42
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Figure 2.4: Subtyping Lattice

%% is the same as the following union
atom() | integer()

Listing 2.14: An example of a type union

Types and Function Specifications

Despite the fact that Erlang is a dynamically typed language, it is possible for the developer
to explicitly declare information about the types of arguments, return values of functions,
and record fields. Those type information have the following uses:

e To document function interfaces and clarify function and developer intentions.
e To facilitate static-analysis bug detection tools, such as Dialyzer [Lind04].

e To generate program documentation of various forms using documentation tools,
such as EDoc [Eric].

Documentation of functions is usually written in program comments. However com-
ments often tend to drift out of phase, and lag behind the code itself. This is the main
reason to use function specifications which, when combined with a bug detection tool that
checks if the specifications match the implementation, will not drift out of phase.

The Erlang Tagging Scheme

As also stated above, tagging means that in the memory representation of a term, some
bits are reserved for a type tag. Erlang terms are separated into immediates and boxed
terms. Immediates can fit in a machine word, whereas boxed terms consist of two parts, a
tagged pointer and a number of words stored on the process heap. The words stored in
the heap contain a header and a body.

The basic idea is that the least significant bits of a word are used as tags. As most
modern CPU architectures align 32 or 64 bit words, pointers have at least 2 unused bits.
Those are used as tag but they are not enough to represent all Erlang types. Therefore
more bits are used as needed.
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Success Typings

A constraint-based type inference algorithm based on success typings [Lind06] is used
for Erlang in order to find possible bugs [Lind04], to annotate programs with function
specifications [Lind05], and to perform optimizations [JohaOO]. The main goal of this
type inference is to uncover as much of the type information that is present without ever
underestimating a type. A definition for success typings follows below [Lind06]:
DEeriniTioN 1 (Success Typings). A success typing of a function f is a type signature, (&) — 3,
such that whenever an application f(p) reduces to a value v, then v € 5 and p € a.

So the essence of a success typing & — [ for a function f is that if the arguments of the
function are in its domain, the application might succeed, but if they are not the function
call will definitely fail.

An important point that needs to be mentioned is that this type system does not
support parametric polymorphism and therefore does not capture any information about
the relation of its arguments to its result. An example is shown below:

-
%% A simple function that tags its argument

tag_1(N) when is_atom(N) -> {atom, N};
tag_1(N) when is_float(N) -> {float, N};
tag_1(N) when is_integer(N) -> {integer, N}.

%% Its inferred type would be
tag_1/1 :: (atom() | number()) -> {’atom’, atom()}
| {’'float’, float()}
| {"integer’, integer()}.

Listing 2.15: An example of a success typing that misses the relation of the arguments to
the result.

In this example the fact the the input argument is the same as the second element of
the output tuple is lost.

2.1.4 HiPE

HiPE is a native code compiler for Erlang. It offers flexible integration between emulated
and native code. Its main goal is to allow compiling specific parts of the application, while
keeping others emulated in order to achieve the best balance between performance and
portability.

Before the development of HiPE all implementations of Erlang were based on emulators
of virtual machines. This improved portability but incurred performance penalties. Also
byte-code emulators usually result in smaller object code size than C based or native code
compilers. While in many areas, object code size becomes less and less of a problem, there
are areas (such as embedded software) where it is still a potential problem.

An overview of an Erlang/OTP system extended with HiPE is shown in Fig. 2.5
[Sago03].

The smallest unit of compilation in HiPE is a single function. However it produces
higher quality of native code when it compiles whole modules, as it performs global
analyses that greatly benefit all optimizations.

Intermediate Representations
HiPE has four intermediate representations, [JohaOO].
e An internal representation of BEAM bytecode.
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Figure 2.5: Structure of a HiPE enabled Erlang/OTP system

e A higher level intermediate language, which is called ICode.
o A general register transfer language, which is called RTL.

e A machine specific assembly language for several architectures (such as SPARC, x86,
etc).

ICode, RTL, and the assembly languages are all internally represented as control flow
graphs of basic blocks.

ICode is based on a register-oriented virtual machine for Erlang. It supports an infinite
number of registers which are used to store arguments and temporaries. All values in ICode
are proper Erlang terms. In addition, the call stack is implicit and preserves registers.
Finally, as ICode is a high level intermediate language, bookkeeping operations (such as
heap overflow checks, context switching, etc) are implicit.

Several standard optimizations are applied to ICode, such as copy and constant propa-
gation and constant folding. Dead code removal is then performed to remove assignments
to dead temporaries.

Then ICode is translated to RTL, and during this process unreachable code is removed
as only reachable basic blocks are translated to RTL.

Call stack management and the saving and restoring of registers around calls are made
explicit in RTL. Then the standard optimizations that were applied in ICode are applied
again. Also heap overflow tests are made explicit and are propagated backwards as far as
possible, in order to be merged together to limit performance overhead. Registers in RTL
are separated in tagged and untagged, where the untagged registers can hold plain values
to optimize performance. However, untagged registers cannot live across function calls.

The RTL code is then translated to assembly code and registers are assigned using
a graph coloring register allocator similar to the one in Briggs et al. [Brig94]. Finally
symbolic references to atoms and functions are replaced by their real values in the running
system, memory is allocated for the code, and then code is linked to the system.

Splitting compilation in three separate intermediate representations conceptually pro-
vides nice abstraction levels. It simplifies optimization experimentation and the develop-
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ment of the compiler. However many basic optimization such as constant propagation and
folding happen in all IRs, potentially slowing down the compilation [Joha0O3].

The HiPE Linker

As described in Section 2.1.2, Erlang allows upgrading code at runtime, without stopping
any process executing the old version of the code.

The BEAM system handles this by maintaining a global table of all loaded modules.
For each module it keeps the name, the list of exported functions, and the location of the
current and precious code segments. The exported functions always refer to the current
code segments. A remote (qualified) function call leads to a lookup of the module and
function name. If the module is loaded and the function is found in its exported list, the
emulator starts executing it. If not an error handler is invoked.

In contrast to BEAM, in native code a function call is just a direct machine level jump
to an absolute address. When the caller’s code is linked, the linker initialises the call to
directly jump to the callee. If the callee has not been loaded the call will be directed to
a stub containing the appropriate error handling. If the callee is loaded but as BEAM
bytecode, then the call is again directed to a stub which invokes BEAM to execute the
callee’s bytecode.

In order for HiPE to support hot code loading, information about all call sites in
native code has to be maintained in some data structure. Every time a module is loaded
or unloaded, native call sites referring to that module are updated based on the kept
information.

When a module is updated with a new version of emulated code, all remote function
calls from native code to that module are located and patched to call the new emulated
code, via new native-to-emulated code stubs.

When an emulated function is compiled to native and then loaded to the system,
each call to it from native code is updated with its new address. The preciously existing
native-to-emulated code stub is deallocated.

When a module is unloaded, all native code call sites that refer to that module are
patched to invoke an error handling stub. Also every native code call site existing in this
module is removed from the linker’s data structure, so as to not be updated in the future.

HiPE’s dual stack approach

It is interesting to note that HiPE uses two stacks for each process, an emulated code stack
(estack), which is the standard one, and a native code stack (nstack).

A disadvantage of having two stacks is that exception handling is handled by creating
a linked list of catch frames on the stack, so there might be pointers from one stack to the
other. Because of that, relocation of one of the two stacks, which is done by the garbage
collector to increase its size, means that every catch frame pointer on the other stack that
points to the relocated one must be updated.

An advantage of this approach is that the garbage collector can easily deal with the
different stack frame layouts in native and emulated mode. With a single stack, the
garbage collecting code would have to switch modes while scanning to be able to handle
the different stack frame layouts.

Mode Switches

A mode-switch is when control transitions from native code to emulated code or vice
versa. HiPE was designed in a way so that no runtime overhead occurs if there are no
mode-switches.
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Mode-switches occur in function calls and returns between a native and an emulated
function. Also they occur when errors are thrown in code executing in one mode, and
catched in code that executes in the other mode.

HiPE has to detect those mode-switches without heavy runtime checks so as to not
encumber performance. We will describe how HiPE detects mode-switches in case of calls,
returns, and throws.

In case of calls, a call from native to emulated code passes from a native-to-emulated
stub, which causes a switch to emulated mode. In contrast all native compiled functions’
emulated code begins with a special emulator instruction that causes a switch to native
mode and then jump to the native code itself.

In case of returns, when a call causes a mode-switch, a new “continuation” call frame
is created in callee’s mode. This frame is saved in the mode’s stack and contains a return
address to code which causes a switch back to the caller’s mode. When returning from
native to emulated code, the return address points to machine code in the runtime system.
For returns from emulated to native code, the return address points to a special emulator
instruction that switches mode to native. This design decision makes sure that no overhead
is caused while the mode stays the same, and that performance cost only incurs when there
is a mode-switch.

Mode-switches in throws are handled similarly to mode-switches in function returns.
When a call causes a mode switch, a new exception catch frame is created in the mode of
the callee. The handler address points to code that switches back to the caller’s mode and
then re-throws the exception.

The method based on stack frames that is described above is efficient and easy to
implement. However, it violates the tail-call optimization that happens in tail-recursive
functions and is a fundamental Erlang feature. Consider a native code function that tail-
calls an emulated code function that tail-calls the same native code function and so on. In
this scenario, each call introduces a new call stack-frame to the stack, so stack space will
grow and eventually fill up all memory.

HiPE deals with this with a simple check when a tail-call mode-switch happens.

1. If the current return frame is a mode-switch frame (that means that the function that
called the current function was in a different mode) then:
(a) Remove the mode-switch return frame from the caller’s stack.
(b) Remove the mode-switch catch frame from the caller’s stack.
(¢) Normally invoke the callee. (This way no extra mode-switch frame is inserted
in the stack.)
2. Otherwise:

(a) Push a mode-switch catch frame on the callee’s stack.
(b) Push a mode-switch return frame on the callee’s stack.

(¢) Normally invoke the callee.

Using this method adjacent mode-switches are never created so proper tail-recursive be-
haviour is maintained. Then above test is only executed when a mode-switch tail-call
happens so it does not hinder performance.

Some special care should also be taken in case of suspending and resuming process
execution, as ERTS handles the scheduling of processes. So when a process in native mode
is suspended and an emulated one is resumed, a mode-switch effectively happens. The
way HiPE handles it is that when a process is created or resumed, it is always assumed
that it executes in emulated mode. When a process is suspended while executing in native
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code, HiPE sets the resume address in the PCB to point to a special emulator instruction
that transfers control to native mode and then resumes the execution normally.

Based on the above, we can conclude that mode-switches, especially when happening
a lot, are relatively expensive. Because of that Erlang application developers need to be
careful to not create lengthy call chains of functions in different modes.

Optimizations: Type Propagation

Erlang is a dynamically typed language and this generally allows for faster prototyping
and experimentation in the early development stages. However this also leads to the
introduction of many type tests during the code execution to make sure that the operations
are performed on meaningful data types. An example of an operation performed on
meaningless types could be a division of a float by a list.

HiPE developers initially tried to tacke this by implementing a local type propagation
pass, which discovers type information (on a per function basis) and propagates that
information to eliminate redundant type tests [Sago03]. That type information is also
used to transform some polymorphic general operations to faster specialized ones.

However, by not knowing anything about the function arguments, only minimal type
information can be discovered. Because of that, HiPE also has a global type analyzer which
processes whole modules. The analyzer is able to deduce more specific type information
especially when the module is relatively closed to the outer world, which means that not
many functions are exported out of it. This allows HiPE to make stricter assumptions
about the arguments of functions that are not exported, which then lead to more type tests
being eliminated. Type information also helps avoiding repeatedly tagging and untagging
values between operations.

It is important to note that the type analyzer is not a type checker, and does not produce
any warnings for ill-defined functions. Also the user cannot interact with it in any way.

Optimizations: Float Handling

Atomic Erlang values are represented as tagged 32 or 64 bit words in the runtime system.
If a tagged value is too big to fit into one machine word, the value is boxed and saved on
heap. Because of that, floating point numbers are typically boxed, so every time a floating
point operation must be done, the arguments are unboxed and then the result is boxed
back.

To avoid this overhead BEAM supports special floating point instructions that operate
directly on untagged values, so many boxing/unboxing operations are avoided. However
BEAM code is interpreted so floating point arithmetic is not taking advantage of the FPU
of the target architecture.

HiPE extends on BEAM by mapping floating point values to the FPU and keeping
them there for as long as possible, reducing the overhead of floating point operations.
In combination with the type propagation that has ben described above, HiPE can very
efficiently handle floating point operations with the minimum number of type tests.

2.2 JIT Compilation

Managed languages, such as Java [Arno0OOa] and C# [Hejl06] support the “compile-once,
run-anywhere” model for code generation and distribution. This allows the generation
of programs that are portable and can be executed on any device equipped with the
corresponding language virtual machine. Because of that the format of the generated
program has to be independent from a specific native architecture and thus those languages
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are often interpreted before program execution. This in turn leads to performance overhead
compared to native generated code. This trade-off between native compiled code and
interpreted code has led researchers to explore just in time (JIT) compilation (compilation
during the program execution) which is a combination of the two.

There are two main JIT compiler categories based on the basic compilation block,
function JIT compilers and tracing JIT compilers.

2.2.1 Function JIT Compilation

Function JIT compilers profile functions during execution and then compile and optimize
them based on some decision algorithm. The first JIT compilers compiled a function
and applied a fixed set of optimizations the first time it was called [Deut84, Cham91].
However this proved inefficient performance wise, as there were many execution pauses
to compile each function. That is why most function JIT compilers nowadays employ a
staged emulation model [Hans74], where each function is initially interpreted and later on
optimized by the JIT compiler if the need arises.

An essential feature of function JIT Compilers is selective compilation, which is based
on the observation that most programs spend a large majority of their execution time in a
small portion of the code. Selective compilation uses runtime profiling to determine which
functions take up the biggest part of execution time, also called “hot” functions, in order
to only compile and optimize those [Holz94, Suga00, CierO0O] and limit the JIT overhead
while getting a pretty big performance benefit.

Unfortunately finding the hot functions to compile requires future program execution
information and cannot be predicted, so most JIT strategies make the assumption that
current hot functions will remain hot in the future. The most popular profiling approaches
are based on some form of counter, either counting the number of function calls [Hans74,
Kotz08] or by periodically interrupting execution, checking which function is executing
at that time [Arno05] and updating a counter. Both methods consider a function to be
hot when its counter has exceeded a specified threshold. Choosing that threshold value
is an important task because setting it too low could lead to very aggressive compiling
which will degrade execution performance, while setting it too high could lead to a very
conservative JIT compiler which does not optimize any methods at all. Most JIT Compiler
designers determine that threshold value by measuring the JIT compiler performance with
various threshold values over a large benchmark suite.

A very important characteristic of function JIT compilers is the ability to use runtime in-
formation to tailor optimizations to a specific execution [Kist03, Burg97, Burg98, Gran99],
which has been shown to yield substantial performance improvements.

One of those essential optimizations was developed for the first generation of the Self
JIT Compiler and is called customization [Cham89]. The main idea was that instead of
dynamically compiling a function into native code that works for any invocation, the JIT
Compiler would produce a specialized version of the function based on the particular con-
text. Type information is the biggest source of runtime information that was gathered and
used to produce specialized versions of functions. This optimization was especially bene-
ficial for Self, where every operation is dynamic and changeable so no static information
is available to the compiler [Ayco03].

Profile-directed inlining using runtime profile data has been widely studied [AdITO3,
Cier00, Haze0O3] and has been incorporated in many JIT compilers. That is because stati-
cally predicting the effect of inlining a call site is a computationally expensive task. However
by having access to runtime information such as the execution time spent in each func-
tion and the number of times every call site has been invoked, inlining could be driven
to provide the same performance benefits with much simpler decision algorithms. It has
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been shown that profile-driven inlining decision mechanisms outperform ones that only
rely on static data [Arno02, Suga02].

2.2.2 Tracing JIT Compilation

Tracing Just-In-Time compilers (TJITs) determine frequently executed traces (hot paths) in
running programs and emit optimized machine code for these traces. The TJIT observes
execution until a “hot” instruction sequence (trace) is identified. Then the TJIT generates
an optimized version of the trace. Subsequent encounters of the “hot” trace’s entry address
during interpretation lead to jump to the top of the optimized version of the trace. When
control exits the optimized trace, the TJIT continues interpreting normally.

It is important to understand how a TJIT selects which traces to optimize. The main
reasoning is that a TJIT aims more for predictability and less for accuracy. So for example,
a trace that is hot for a short period of time, but overall does not contribute to the execution
time of the program a lot, may still be an important trace to identify.

In order to understand how a standard TJIT works in detail, we will describe the
functionality of Dynamo [Bala0OO] which was one of the first TJIT compilers. The TJIT
maintains a counter for some specific program points, called start-of-trace, such as the
target addresses of backward taken branches which are very likely to be loop headers.
Each counter is increased when execution passes from the target address. If a counter
exceeds a preset threshold, the TJIT records all instructions starting from the address
associated with the counter. The recording stops when some specific conditions are met
and the recorded trace is saved to later be optimized. This trace selection scheme is called
most recently executed tail (MRET) and the insight behind it is that when an instruction
becomes “hot”, it is likely that the very next sequence of instructions is also going to be
“hot”. Thus instead of recording all the branches after the start-of-trace, which would lead
in a big memory overhead, it just records the sequential tail of instructions following the
start-of-trace in that particular execution.

It is important to note that being sequential the trace represents only one of the many
possible paths throughout the code. To ensure correctness, the trace contains a guard
at every possible point where the path could have followed another direction (e.g. in
conditions).

In contrast to Dynamo, Gal et al. [Gal09] have decided to extend the simple sequential
tracing with the notion of trace trees, which supposedly offer performance benefits as they
better model simple control flow in execution paths.

In case of PyPy, Bolz et al. [Bolz09] designed a TJIT that instead of tracing the program,
traces the interpreter itself, with the goal of extending PyPy as the TJIT of many dynamic
languages by implementing their interpreter in RPython®.

Tracing JITs have a number of advantages over static compilers in that they are able
to harness runtime information, such as indirect jump and call targets [Bebe10]. In addi-
tion, statically compiling dynamic languages, such as Javascript, to efficient code ahead of
runtime is difficult due to the dynamic nature of the operations in the language. When
statically compiling code in those language, no assumptions can be made about the argu-
ments of an operation, so many runtime checks have to be implemented. TJITS are also
considered to be able to more aggressively optimize loops by unrolling as they focus on
specific hot traces.

® A subset of Python that PyPy supports.
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2.3 Other JiT compilers for Erlang

JiT compilation has been investigated in the context of Erlang several times in the past,
both distant and more recent. For example, both Jerico [Joha96], the first native code
compiler for Erlang (based on JAM) circa 1996, and early versions of HiPE contained
some support for JiT compilation. However, this support never became robust to the point
that it could be used in production.

More recently, two attempts to develop tracing JiTs for Erlang have been made, namely
BEAMIJIT [Drejl4] and Pyrlang [Huan16].

2.3.1 BEAM]JIT

BEAMIJIT [Drej14] is a tracing Just-in-Time compiling runtime for Erlang. BEAMJIT uses
a tracing strategy for deciding which code sequences to compile to native code and the
LLVM toolkit [LattO4] for optimization and native code emission. It extends the base
BEAM implementation with support for profiling, tracing, native code compilation, and
support for switching between these three (profiling, tracing, and native) execution modes.
Performance-wise, back in 2014, BEAMJIT reportedly managed to reduce the execution
time of some small Erlang benchmarks by 25-40% compared to BEAM, but there were also
many other benchmarks where it performed worse than BEAM [Drej14]. Moreover, the
same paper reported that “HiPE provides such a large performance improvement compared
to plain BEAM that a comparison to BEAMJIT would be uninteresting” [Drej14, Sect. 5].
At the time of this writing (May 2018), BEAMJIT is not yet a complete implementation of
Erlang; for example, it does not yet support floats. Although work is ongoing in extending
BEAMIIT, its overall performance, which has improved, does not yet surpass that of HiPE.’
Since BEAMJIT is not available, not even as a binary, we cannot compare against it.

2.3.2 Pyrlang

The second attempt, Pyrlang [Huan16], is an alternative virtual machine for the BEAM
byte code which uses RPython’s meta-tracing JiT compiler [Bolz09] as a backend in order
to improve the sequential performance of Erlang programs. Meta-tracing JiT compilers are
tracing JiT compilers that trace and optimize an interpreter instead of the program itself.
The same idea has been previously applied to Racket, in the form of the Pycket [Baum15]
tracing JiT. The Pyrlang paper [Huan16] reports that Pyrlang achieves average performance
which is 38.3% faster than BEAM and 25.2% slower than HiPE, on a suite of sequential
benchmarks. Currently, Pyrlang is a research prototype and not yet a complete implemen-
tation of Erlang, even for the sequential part of the language. On the other hand, unlike
BEAMIJIT, Pyrlang is available, and we will directly compare against it in Chapter 5.

’ Lukas Larsson, private communication, May 2018.
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Chapter 3

HiPEr]JiT Architecture and Components

The functionality of HiPErJiT can be briefly described as follows. It profiles executed
modules, maintaining runtime data such as execution time and call graphs. It then decides
which modules to compile and optimize based on the collected data. Finally, it compiles
and loads the JiT-compiled modules in the runtime system. Each of these tasks is handled
by a separate component.

Controller The central controlling unit which decides which modules should be profiled
and which should be optimized based on runtime data.

Profiler An intermediate layer between the controller and the low-level Erlang profilers.
It gathers profiling information, cleans up and organizes it, and sends it back to the
controller for further processing.

Compiler+Loader An intermediate layer between the controller and HiPE. It compiles the
modules chosen by the controller and then loads them into the runtime system.

The architecture of the HiPErJiT compiler can be seen in Fig. 3.1.

HIPEMIT
Controller .
Start profiling Compile
Stop profiling Optimize
Getresults  fprofiling Results
Profiler Compiler+Loader
Profile Compile
Load

Y K

Erlang Run-Time System

Figure 3.1: High level architecture of the JIT Compiler

3.1 Controller

The controller, as stated above, is the fundamental module of HiPErJiT. It chooses the
modules to profile, and uses the profiling data to decide which modules to compile and
optimize. It is essential that no user input is needed to drive decision making. Our design
extends a lot of concepts from the work on the Jalapefio JVM [Arno0OOb].
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Traditionally, many JiT compilers use a lightweight call frequency method to drive
compilation [Ayco0O3]. This method maintains a counter for each function and increments
it every time the function is called. When the counter surpasses a specified threshold, JiT
compilation is triggered. This approach, while having very low overhead, does not give
precise information about the program execution.

Instead, HiPErJiT makes its decision based on a simple cost-benefit analysis. Compi-
lation for a module is triggered when its predicted future execution time when compiled,
combined with its compilation time, would be less than its future execution time when
interpreted:

FutureExecTime. + CompTime < FutureExecTime;

Of course, it is not possible to predict the future execution time of a module or the time
needed to compile it, so some estimations need to be made. First of all, we need to
estimate future execution time. The results of a study about the lifetime of UNIX pro-
cesses [Harc97] show that the total execution time of UNIX processes follows a Pareto
(heavy-tailed) distribution. The mean remaining waiting time of this distribution is anal-
ogous to the amount of time that has passed already. Thus, assuming that the analogy
between a module and a UNIX process holds, we consider future execution time of a
module to be equal to its execution time until now FutureEzecTime = ExecT'ime. In
addition, we consider that compiled code has a constant relative speedup to the interpreted
code, thus ExecT'ime. * Speedup. = ExecTime;. Finally, we consider that the compilation
time for a module depends linearly on its size, so CompTime = C * Size. In short, the

condition to check is:

EzecTime;
ZHECTING L 0k Size < Ezeclime;
Speedup,

If this condition holds the module is “worth” compiling.

We conducted two experiments in order to find suitable values for the condition param-
eters Speedup. and C'. In the first one, we executed a set of Erlang applications before and
after compiling their modules to native code. The average speedup we measured was 2
and we used it as an estimate for the Speedup. parameter. In the second experiment, we
compiled a set of modules of varying sizes, measured their compilation time, and fitted a
line to the set of given points using the Least Squares method (cf. Fig. 3.2).

10* ;
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Compilation Time (s)
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Figure 3.2: Compilation Times of Modules related to their Bytecode Size
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The line has a slope of 2.5¢75 so that is also the estimated compilation cost per byte of
byte code. It is worth mentioning that, in reality, the compilation time does not depend
only on module size, but on many other factors (e.g., branching, exported functions, etc).
However, we consider this estimate to be adequate for our goal.

Finally, HiPErJiT uses a feedback-directed scheme to improve the precision of the
compilation decision condition when possible. HiPErJiT measures the compilation time
of each module it compiles to native code and stores it in a persistent key-value storage,
where the key is a pair of the module name and the MD5 hash value of its byte code.
If the same version of that module is considered for compilation at a subsequent time,
HiPErJiT will use the stored compilation time measurement in place of CompTime.

3.2 Profiler

The profiler is responsible for efficiently profiling executed code. Its architecture, which
can be seen in Fig. 3.3, consists of:

e The profiler core, which receives the profiling commands from the controller and
transfers them to ERTS. It also receives the profiling results from the individual
profilers and transfers them back to the controller.

e The router, which receives all profiling messages from ERTS and routes them to the
correct individual profiler.

e The individual profilers, which handle profiling messages, aggregate them, and trans-
fer the results to the profiler core. Each individual profiler handles a different subset
of the execution data, namely function calls, execution time, argument types, and
process lifetime.

We designed the profiler in a way that facilitates the addition and removal of individual
profilers.

Controller

T I
Profiling Profiling
Commands  Results

/ Call Profiler . Profiling
?Its Information
Profiler Core |« Types Profiler |« Router
\ Process Profiler /
Profiling Profiling
X Commands Information
Profiler

Erlang Run-Time System

Figure 3.3: Profiler Architecture and Internal Components

3.2.1 Profiling Execution Time

We initially used the execution time tracing functionality of the ERTS, in order to profile
execution time. However, due to very high overhead we decided to profile execution
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time using a different method, by tracing all function calls, function returns, and process
scheduling actions. To better explain our method, an example execution period of two
schedulers is shown in Fig. 3.4.

Scheduler 1 | Scheduler 2
\/ |
T1: Call to F1
altto > | < T2: Call to F5
P1:F1 P3 - FS
T3: Call to F2 > | < Ta: Call to F6
P1:F2 P3:F6
T5: Return to F1 :
eturn to > | < T6: Out P3
P1:F1 < T7:1n P4
T8: Out P1 > )
T9: In P2 > | P4:F7
< T10: Call to F8
P2 :F3 | P4 :F8
T11: Call to F4 :
callto > T12: Return to F7
P2 : F4
P4 : F7
T13: Out P2 |
u > < T14: Call to F9
T15: In P1 >
| P4 : F9
P1:F1

Figure 3.4: The trace messages sent during an execution period of two schedulers

Each rectangle depicts a time slice in the scheduler and it is identified by the process
that is running and the function that it executes. T%s are timestamps, Pis are processes,
and F'is are functions. In and Out mean that a process has been scheduled in or out at
that time. Each arrow represents a trace message that the profiler receives from ERTS.
Messages have the form (Action, Timestamp, Process, Function), where Action can be any
of the following values: call, return_to, sched_in, sched_out.

For each sequence of trace messages that refer to the same process P, i.e., a sequence of
form [(sched_in, Ty, P, F1), (A2, T, P, Fs), ..., (Apn—1,Th-1, P, Fh_1), (sched_out,T,, P, F},)],
we can compute the time spent at each function by finding the difference of the timestamps
in each pair of adjacent messages, so (1> — T4, F1), (T3 —T%, F3), ..., (T, —Tn—1, Fr—1)]. The
sum of all the differences for each function gives the total execution time spent in each
function.

Our method put less overhead on total performance and gave equally precise results.
Also it allowed us to track the number of calls between a pair of functions which is later
used for profile driven inlining (Section 4.2). However, in concurrent programs, the rate
at which messages are sent to the profiler can increase uncontrollably, thus flooding its
mailbox, leading to high memory consumption and lack of responsiveness.

This problem is actually very similar to the responsiveness of data streaming systems,
and has been previously studied by many [Reis05, BabcO4]. Data streaming systems often
have to deal with bursts of data that cannot be handled by available system resources.This
is most commonly tackled by a form of adaptive load shedding that drops data before it
enters the system.

Based on the above, we decided to drop trace messages if the load is too high in order
to keep responsiveness at a stable level. We achieved this by borrowing the notion of
reductions from the Erlang scheduler. We extended the tracer so that every R reductions,
it would check the whole mailbox to find a results request. If not found it would reset its
reduction counter and continue handling trace messages. Using this technique we were
able to have a “responsive” tracer even when more trace messages than it could handle
were sent to it. All the remaining unhandled messages in the mailbox are dropped. This
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obviously leads to information loss, but this should not discourage us, as in the end of the
day the JIT compiler needs the execution time tracing results to decide whether to compile
each module and thus extreme precision is valued less than performance overhead.

After those improvements the tracing overhead was lower than the standard execution
time tracing mechanism, the tracing results were adequately precise, and the system was
responsive for the “mostly sequential” testcases. However this did not hold for most
complicated multi-process testcases, and this lead us to the following realization.

Our system has a very important difference with the data streaming systems that are
studied in the bibliography. Its difference is that in our case, the data producer is part
of the system, and that it also puts overhead on system performance. Thus, while load
shedding makes our system more responsive, it does not reduce the overhead imposed by
the data producer, which still creates and sends trace messages that are eventually going
to be dropped. As a result, we slightly altered our mechanism so that it stops the producer
completely, instead of just dropping its messages. We inserted a probing mechanism that
checks whether the mailbox exceeds some maximum size (which means that more trace
messages that can be handled are sent to our system) and if so stops the tracing messages
from being sent completely.

This alteration offered great performance benefits, both in execution time and memory
usage. The execution time benefit of the systems discussed in this section is shown in
Fig. 3.5. Note that the execution times for custom time tracing in dialyzer_plt and or-
bit_par_seq are not shown because those executions depleted the available memory and
crashed. This is mainly because those benchmarks spawn many processes and then over-
flow the tracer with tracing messages.

Execution time of different tracing methods
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Figure 3.5: The execution time of some benchmarks with different tracing methods en-
abled

The tracing results of our method are similar (but not equal) to the ones acquired from
the standard time tracing mechanism. Small differences can be attributed to the following
reasons:
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e It is not possible to trace both local and external calls with the trace mechanism, so
only local calls are traced. This leads to imprecisions, especially in cases of large
external call chains as our method considers that all that time is spent in the latest
local called function.

e The other source of imprecisions is that tracing pauses periodically so some schedul-
ing actions are not traced, thus leading to miscalculations of the execution state. This
is especially evident when the number of processes is much larger than the number
of schedulers.

The reduction of the tracing overhead by our mechanism justifies using it in the context
of HiPErJiT despite the slight imprecisions in the tracing results.

As future work we plan to refine our method so that it becomes as stable and precise
as the standard one. In order to achieve that, we plan to extend it to simultaneously trace
both local and global calls. In addition we will work on the precision of its results by
making sure that the scheduling state is consistent when pausing and restarting.

3.2.2 Type Tracing

The profiler is also responsible for type tracing. As we will see, HiPErJiT contains a com-
piler pass that uses type information for the arguments of functions in order to create
type-specialized, and hopefully better performing, versions of functions. This type infor-
mation is extracted from type specifications in Erlang source code (if they exist) and from
runtime type information which is collected and aggregated as described below.

For modules that the profiler has selected for profiling, the arguments of function calls
to this module are also profiled. The ERTS low-level profiling functionality returns the
complete argument values, so in principle their types can be determined. However, func-
tions could be called with complicated data structures as arguments, and determining their
types precisely requires a complete traversal. As this could lead to a significant perfor-
mance overhead, the profiler approximates their types by a limited-depth term traversal.
In other words, depth-k type abstraction is used. Every type T is represented as a tree with
leaves that are either singleton types or type constructors with zero arguments, and internal
nodes that are type constructors with one or more arguments. The depth of each node is
defined as its distance from the root. A depth-k type T} is a tree where every node with
depth > k is pruned and over-approximated with the top type (any()). For example, in
Erlang’s type language [Lind05], which supports unions of singleton types, the Erlang term
{foo, {bar, [{a, 17}, {a, 42}13} has type {’'foo’,{’bar’, list({’a’,17|42})}}, where 'A" denotes the
singleton atom type A. Its depth-1 and depth-2 type abstractions are {’foo’, {any(),any()}}
and {'foo’, {'bar’,list(any())}}.

The following two properties should hold for depth-k type abstractions:

1. Vk.k > 0 = T C T} where C is the subtype relation.
2.Vttt #T = 3kNii>k=tLT;

The first property guarantees correctness while the second allows us to improve the ap-
proximation precision by choosing a greater k, thus allowing us to trade performance for
precision or vice versa.

Another problem that we faced is that Erlang collections can contain elements of differ-
ent types. Traversing them in order to find their complete type could also create undesired
overhead. As a result, we decided to optimistically estimate the collection element types.
Although Erlang collections can contain elements of many different types, this is rarely
the case in practice. In most programs, collections usually contain elements of the same
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type. This, combined with the fact that HiPErJiT uses the runtime type information to
specialize some functions for specific type arguments, gives us the opportunity to be more
optimistic while deducing the types of values. Therefore, we decided to approximate the
types of Erlang collections (currently lists and maps) by considering only a small subset
of their elements.

Considering all of the above, our type tracer is able to estimate the types of Erlang values
in an efficient way. One point worth mentioning is that initially, we had implemented this
functionality based on the standard Erlang trace mechanism that traces the arguments
and return values of each function call. This had a negative impact on performance
because, as also stated in Section 2.1.1, messages in Erlang are copied, so in fact all
function call arguments and return values were copied as the program was being executed,
leading to detrimental memory and execution time overheads. We addressed this issue by
implementing this functionality as an Erlang NIF before the trace message sending, thus
preventing unnecessary copying of values that were not needed.

What is left is a way to generalize and aggregate the type information acquired through
the profiling of many function calls. As described in Section 2.1.3, types in Erlang are
internally represented using a subtyping system, thus forming a type lattice. Because of
that, there exists a supremum operation that can be used to aggregate type information
that has been acquired through different traces.

3.2.3 Profiling Processes

Significant effort has been made to ensure that the overhead of HiPErJiT does not increase
with the number of concurrent processes. Initially, performance was mediocre when exe-
cuting concurrent applications with a large number (> 100) of spawned processes because
of profiling overhead. While profiling a process, every function call triggers an action
that sends a message to the profiler. The problem arises when many processes execute
concurrently, where a lot of execution time is needed by the profiler process to handle
all the messages being sent to it. In addition, the memory consumption of the profiler
skyrocketed as messages arrived with a higher rate than they were consumed.

To avoid such problems, HiPErJiT employs probabilistic profiling. The idea is based
on the following observation. Massively concurrent applications usually consist of a lot
of sibling processes that have identical functionality. Because of that, it is reasonable to
sample a part of the hundreds (or even thousands) of processes and only profile them to
get information about the system as a whole.

This sample should not be taken at random, but it should rather follow the principle
described above. We maintain a process tree by monitoring the lifetime of all processes.
The nodes of the process tree are of the following type:

-type ptnode() :: {pid(), mfa(), [ptnode()]}.

The pid() is the process identifier, the mfa() is the initial function of the process, and the
[ptnode()] is a list of its children processes, which is empty if it is a leaf. The essence of the
process tree is that sibling subtrees which share the same structure and execute the same
initial function usually have the same functionality. Thus we could only profile a subset
of those subtrees and get relatively accurate results. However, finding subtrees that share
the same structure can become computationally demanding. Instead, we decided to just
find leaf processes that were spawned using the same MFA and group them. So, instead
of tracing all processes of each group, we just profile a randomly sampled subset. The
sampling strategy that we used is very simple but still gives satisfactory results. When the
processes of a group are more than a specified threshold (currently 50) we sample only a
percentage (currently 10%) of them. The profiling results for these subsets are then scaled
accordingly (i.e., multiplied by 10) to better represent the complete results.
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It is important to note that the implementation of probabilistic tracing is based on the
ERTS trace functionality, thus written in Erlang. We believe that the performance of our
implementation could be significantly improved by implementing the process tree keeping
and the process profiling in the ERTS.

3.3 Compiler+Loader

This is the component that is responsible for the compilation and loading of modules. It
receives the collected profiling data (i.e., type information and function call data) from the
controller, formats them, and calls an extended version of the HiPE compiler to compile the
module and load it. The HiPE compiler is extended with two additional optimizations that
are driven by the collected profiling data; these optimizations are described in Chapter 4.

There are several challenges that HiPErJiT has to deal with, in order to efficiently
compile and load Erlang code. On the top of the list is hot code loading: the requirement
to be able to replace modules, on an individual basis, while the system is running and
without imposing a long stop to its operation. The second characteristic, which is closely
related to hot code loading, is that the language makes a semantic distinction between
module-local calls and remote calls, as also described in Section 2.1.2.

These two characteristics, combined with the fact that Erlang is primarily a concurrent
language in which a large number of processes may be executing code from different
modules at the same time, effectively impose that compilation happens in a module-at-a-
time fashion, without opportunities for cross-module optimizations. The alternative, i.e.,
performing cross-module optimizations, implies that the runtime system must be able to
quickly undo optimizations in the code of some module that rely on information from
other modules, whenever those other modules change. Since such undoings can cascade
arbitrarily deep, this alternative is not very attractive engineering-wise. In addition it
requires that HiPErJiT automatically triggers the process of re-profiling for a module when
it is reloaded.

The runtime system of Erlang/OTP supports hot code loading in a particular, arguably
quite ad hoc, way. It allows for up to two versions of each module (mgy and meyrrent)
to be simultaneously loaded, and redirects all remote calls to mcyrrent, the most recent of
the two. Whenever m,,,,, a new version of module m, is about to be loaded, all processes
that still execute code of m,) are abruptly terminated, mcyrrent becomes the new mgy,
and My, becomes mcy,rent. This quite elaborate mechanism is implemented by the code
loader with support from ERTS, which has control over all Erlang processes.

It is important to note that the current code loading mechanism introduces a rather
obscure but still possible race condition between HiPErJiT and the user. If the user tries
to load a new version of a module after HiPErJiT has started compiling the current one,
but before it has completed loading it, HiPErJiT could load JiT-compiled code for an older
version of the module after the user has loaded the new one. Furthermore, if HiPEr]iT
tries to load a JiT-compiled version of a module m when there are processes executing
me1q code, this could lead to processes being killed. Thus, HiPErJiT loads a module m
as follows. First, it acquires a module lock, not allowing any other process to reload this
specific module during that period. Then, it calls HiPE to compile the target module
to native code. After compilation is complete, HiPErJiT repeatedly checks whether any
process executes m,q code. When no process executes m,;4 code, the JiT-compiled version
is loaded. Finally, HiPErJiT releases the lock so that new versions of module m can be
loaded again. This way, HiPErJiT avoids that loading JiT-compiled code leads to processes
being killed.

Of course, the above scheme does not offer any progress guarantees, as it is possible
for a process to execute m,q code for an indefinite amount of time. In that case, the user
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would be unable to reload the module (e.g., after fixing a bug). In order to avoid this,
HiPErJiT stops trying to load a JiT-compiled module after a user-defined timeout (the
default value is 10 seconds), thus releasing the module lock.

Let us end this section with a brief note about decompilation. Most JiT compilers
support decompilation, which is usually triggered when a piece of JiT-compiled code is
not executed frequently enough anymore. The main benefit of doing this is that native
code takes up more space than byte code, so decompilation often reduces the memory
footprint of the system. However, since code size is not a big concern in today’s machines,
and since decompilation can increase the number of mode switches (which are known to
cause performance overhead) HiPErJiT currently does not support decompilation.
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Chapter 4

Runtime Data Driven Optimizations

A benefit of JiT compilers over AoT compilers is that they have access to run-time data,
that are acquired during the execution of a program. This creates opportunities for more
aggressive and beneficial optimizations, that cannot be made with compile-time data. Opti-
mizations based on run-time data have been extensively studied, especially in the context of
dynamic languages[Holz94, Bala0O, Arno02, Arno05, Bolz09, Kedl13, Kedl14, Ren16]. In
this chapter, we describe two optimizations that HiPEr[iT performs, based on the collected
profiling information, in addition to calling HiPE: type specialization and inlining.

4.1 Type Specializations

In dynamic languages, there is typically very little type information available during com-
pilation. Types of values are determined at runtime and because of that, dynamic language
compilers generate code that handles all possible value types by adding type tests to en-
sure that operations are performed on terms of correct type. Also all values are tagged,
which means that their runtime representation contains information about their type. The
combination of these two features leads to dynamic language compilers generating less
efficient code than those for statically typed languages.

This problem has been tackled with static type analysis [Lind03, Sago03], runtime
type feedback [Holz94], or a combination of both [Kedl13]. Runtime type feedback is
essentially a mechanism that gathers type information from calls during runtime, and uses
this information to create specialized versions of the functions for the most commonly used
types. On the other hand, static type analysis tries to deduce type information from the
code in a conservative way, in order to simplify it (e.g., eliminate some unnecessary type
tests). In HiPErJiT, we employ a combination of these two methods.

4.1.1 Type Feedback
As also described above, type feedback consists of two main components:

e A component that collects run-time type information.

e A compiler pass that generates specialized code for the above type information.

Collecting Type Information

We will first describe how HiPErJiT collects the runtime type information. First of all,
HiPErJiT contains a type tracer component, as also explained in Section 3.2, that gathers
type information for function call arguments and return values during run-time. Conse-
quently this is the main method of type information collection. However, as also described
in Chapter 2, Erlang also allows users to decorate programs with type information for
functions using type specs. As Erlang is a dynamically typed language these specs are not
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used by the compiler, but by tools that perform static analyses in order to detect discrep-
ancies [Lind04]. Type specs should not be assumed correct by a compiler, because in case
they are wrong the result could be erroneous or slow code. However in a JiT Compiler
context these specs can be used as complement to the type information gathered during
execution.

Considering all the above, we implemented a component that combines run-time type
information with type specs. Type specs are mostly useful for functions which not enough
runtime type information exist. A final note that has to be considered is that an inconsis-
tency between the type spec and the dynamic type information means that the type spec
is not correct. In that case HiPErJiT invalidates the spec and does not use it at all, but
does not issue any warning to the user.

Optimistic Type Compilation

After profiling the argument types of function calls, the collected type information is used.
However, since this information is approximate or may not hold for all subsequent calls,
the optimistic type compilation pass adds type tests that check whether the arguments
have the appropriate types. Its goal is to create specialized (optimistic) function versions,
whose arguments are of known types.

Optimistic type compilation is the first compiler pass that is performed in Core Erlang,
as it improves the benefit from many other optimizations. Its implementation is straight-
forward. For each function f where the collected type information is non-trivial:

e The function is duplicated into an optimized fg$opt and a “standard” f$std version of
the function.

e A header function that contains all the type tests is created. This function performs
all necessary type tests for each argument, to ensure that they satisfy any assumptions
upon which type specialization may be based. If all tests pass, the header calls f$opt,
otherwise it calls f$std.

e The header function is inlined in every local function call of the specified function
f. This ensures that the type tests happen on the caller’s side, thus improving the
benefit from the type analysis pass that happens later on.

4.1.2 Type Analysis

Optimistic type compilation on its own does not offer any performance benefit. It simply
duplicates the code and forces execution of possibly redundant type tests. Its benefits arise
from its combination with type analysis and propagation.

Type analysis is an optimization pass performed on Icode that infers type information
for each program point and then simplifies the code based on this information. It removes
checks and type tests that are unnecessary based on the inferred type information. It also
removes some boxing and unboxing operations from floating-point computations. A brief
description of the type analysis algorithm [Lind05] is as follows:

1. Construct the call graph for all the functions in a module and sort it topologically
based on the dependencies between its strongly connected components (SCCs).

2. Analyze the SCCs in a bottom-up fashion using a constraint-based type inference to
find the most general success typings [Lind06] under the current constraints.

3. Analyze the SCCs in a top-down order using a data-flow analysis to propagate type
information from the call sites to module-local functions.
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4. Add new constraints for the types, based on the propagated information from the
previous step.

5. If a fix-point has not been reached, go back to step 2.

Initial constraints are mostly generated using the type information of Erlang Built-In
Functions (BIFs) and functions from the standard library which are known to the analysis.
Guards and pattern matches are also used to generate type constraints.

We present a simple example that showcases the algorithm and the importance of
combining the bottom-up type inference with the top-down data flow analysis [Lind05].

-module(reverse).
-export([reverse/1]).

reverse(L) -> reverse(L, [1).

reverse([H|T], Acc) -> reverse(T, [H|Acc]);
reverse([], Acc) -> Acc.

Listing 4.1: A module that contains the reverse list function

As the SCCs of the call graph are analyzed in a bottom-up fashion, the function reverse/2
has to be analyzed first since it only depends on itself. Performing the type inference yields
the following success typings (in the order with which the functions are analyzed):

reverse/2 :: (list(),any()) -> any()
reverse/1 :: (list()) -> any()

Listing 4.2: The success typings of reverse after type inference

Those signatures are correct but overestimate the type of the second argument of
reverse/2. By applying the data-flow analysis for local functions, the type of the sec-
ond argument of reverse/2 is narrowed down to a list() as reverse/2 is only called by
reverse/1 with a list as a second argument. The final success typing are shown below:

reverse/2 :: (list(),list()) -> list()
reverse/1 :: (list()) -> list()

Listing 4.3: The final success typings of reverse

This example is fairly simple and so a fix-point is reached after a single pass of the
algorithm.

After type analysis, code optimizations are performed. First, all redundant type tests
or other checks are completely removed. Then some instructions, such as floating-point
arithmetic, are simplified based on the available type information. Finally, control flow is
simplified and dead code is removed.

It is important to note that type analysis and propagation is restricted to the module
boundary. No assumptions are made about the arguments of the exported functions, as
those functions can be called from modules which are not yet present in the system or
available for analysis. Thus, modules that export only few functions benefit more from
this analysis as more constraints are generated for their local functions and used for type
specializations.
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An Example

We present a simple example that illustrates the benefit of type specialization. Listing 4.4
contains a function that computes the power of two values, where the base of the expo-
nentiation is a number (an integer or a float) and the exponent is an integer.

-spec power(number(), integer(), number()) -> number()
power(_V1, 0, V3) -> V3;
power(V1i, V2, V3) -> power(V1l, V2-1, V1*V3).

Listing 4.4: The source code of a simple power function.

Without the optimistic type compilation, HiPE generates the Icode shown in Listing 4.5.

power/3(v1l, v2, v3) ->

12:
v5 = v3
v4 = v2
goto 1
1:
_ = redtest() (primop)
if is_{integer,0}(v4) then goto 3 else goto 10
3:
return(vs)
10:
v8 = ’"-"(v4, 1) (primop)

v9 := "*’(vli, v5) (primop)
v5 = v9

v4 := v8

goto 1

Listing 4.5: Generated Icode for the power function.

If we consider that this function is mostly called with a floating point number as the first
argument, then HiPE with optimistic type compilation generates the Icode in Listing 4.6.
Note that powergstd has the same Icode as power without optimistic type compilation.

rpower/3(v1, v2, v3) ->
16:
_ = redtest() (primop)
if is_float(vl) then goto 3 else goto 14

if is_integer(v2) then goto 5 else goto 14
if is_float(v3) then goto 7 else goto 14

power$opt/3(vi, v2, v3)
14:
power$std/3(v1, v2, v3)

power$opt/3(v1, v2, v3) ->
24:

v5 = v3

v4 1= v2

goto 1

_ = redtest() (primop)
if is_{integer,0}(v4) then goto 3 else goto 20

return(vs)

20:
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v8 = ’"-"(v4, 1) (primop)
_ = gc_test<3>() (primop) -> goto 28, #fail 28
28:

fv1e := unsafe_untag_float(v5) (primop)

fvll := unsafe_untag_float(v1l) (primop)

_ := fclearerror() (primop)
fvi2 := fp_mul(fvii, fv1o) (primop)
_ := fcheckerror() (primop)
v5 := unsafe_tag_float(fv1i2) (primop)
v4 = v8

goto 1

Listing 4.6: Generated Icode for the power function with optimistic type compilation.

As it can be seen, optimistic type compilation has used type propagation and found that
both v1 and vs are always floats. The code was then modified so that they are untagged un-
safely in every iteration and multiplied using a floating point instruction, whereas without
optimistic type compilation they are multiplied using the standard general multiplication
function, which checks the types of both arguments and untags (and unboxes) them before
performing the multiplication.

4.1.3 Discussion

Combining the optimistic type compilation, that HiPErJiT performs, with the type analysis
pass in HiPE seems to reduce the execution times of most programs by a small amount. Its
most important benefit, though, is that it allows for further optimizations to be performed
on the optimistic branch of the code. Especially when combined with profile driven
inlining, optimistic type compilation yields valuable performance improvements.

However there is still a lot of work to be done in order to improve optimistic type
compilation, as we have only scratched the surface of its potential. Some possible lines of
future work are briefly described below.

First of all, there is need to dynamically ensure that the optimistic CFG is indeed
visited more frequently than the original CFG. Optimistic type compilation is based on
type information gathered through profiling, so it is possible that some type assumptions
that it makes are wrong. In case the optimistic CFG is found to be rarely (or never)
executed, the function should be recompiled without the optimistic type compilation.

Another problem is that some typetests are executed multiple times in the non-optimistic
CFG. An example where that problem is present follows below.

%% A type test added by our optimistic type compilation

foo/1(v1) ->

1:

if is_nil(vl) then goto 2 else goto 3

2:

foo$opt/1(vl)

3:
foo$std/1(vl)

%% The standard function

foo$std/1(v1) ->

1:

if is_nil(vl) then goto 2 else ...

2:
return vi

%% The optimistic function
foo$opt/1(vl) ->
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20 L return vi J

Listing 4.7: An example of typetest redundancy.

In the above example the HiPE Type Analysis pass removed the redundant is_nil
typetest in the optimistic foo$opt as vi has already passed an is_nil typetest. However the
typetest in the standard foo$std would not be removed even though it is redundant. That
is because Type Analysis does not deal with negation types. In the future, we would like to
experiment with negation types, and potentially extend the Type Analysis pass to support
them.

Finally we would like to experiment with more aggressive type optimizations on the
optimistic CFGs.

4.2 Inlining

Inlining is the process of replacing a function call with the body of the called function.
This improves performance in two ways. First, it mitigates the function call overhead.
Second, and most important, it enables more optimizations to be performed later, as most
optimizations usually do not cross function boundaries. That is the reason why inlining
is usually performed in early phases of compilation so that later phases become more
effective.

However, aggressive inlining has several potential drawbacks, both in compilation time,
as well as in code size increase (which in turn can also lead to higher execution times
because of caching effects). However, code size is less of a concern in today’s machines,
except of course in application domains where memory is not abundant (e.g., in IoT or
embedded systems).

In order to get a good performance benefit from inlining, the compiler must achieve
a fine balance between inlining every function call and not inlining anything at all.
Therefore, the most important issue when inlining is choosing which function calls to
inline. There has been a lot of work on how to make this decision with compile-
time [Sant95, Serr97, Wadd97, Peyt02] as well as run-time information in the context
of JiT compilers [Ayer97, Gran99, Suga02, Haze03]. HiPErJiT makes its inlining decisions
based on run-time information, but also keeps its algorithm fairly lightweight so as to not
to impose a big overhead.

4.2.1 Inlining Decision

We decided to use an inlining decision mechanism that uses runtime information to decide
which function calls to inline. Our mechanism borrows two ideas from previous work,
the use of call frequency [Ayer97] and call graphs [Suga02] to guide the inlining decision.
Recall that HiPEr]JiT compiles whole modules at a time, thus inlining decisions are made
based on information from all the functions in a module. Due to hot code loading, inlining
across modules is not performed.

Finding the most profitable, performance-wise, function calls to inline and also the
most efficient order in which to inline them is a heavy computational task and thus we
decided to use heuristics to greedily decide which function calls to inline and when. The
call frequency data that are used is the number of calls between each pair of function, as
also described in Section 3.2.

Before describing our mechanism in detail we briefly describe the main idea and ra-
tionale behind its design.
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Decisions are based on the assumption that call sites which are visited the most are the
best candidates for inlining. Because of that our mechanism greedily chooses to inline the
function pair (Fi, F») with most calls from F; to Fs.

Greedy inlining might introduce performance overheads as some calls might be inlined
multiple times. For example, consider the case where our mechanism decides to inline the
following pairs in that order [(F1, F3), (Fy, F3), (F1, F3)]. In that case function F3 would
be inlined two times in the function F5, once in the original F> and once in the inlined
copy of Fy in Fj. This could have been prevented if F3 were first inlined in F3 and then
F» were inlined in F;. However, the analysis needed to achieve this is not cost effective.
Thus, the inlining decision is made greedily, despite occasionally inlining a function more
than once.

Of course, inlining has to be restrained so that it does not happen for every function call
in the program. We achieve this by restricting the maximum code size of each module.
Small modules are allowed to grow up to double their size, while larger ones are only
allowed to grow by 10%.

4.2.2 Implementation
Inline Decision Algorithm

Inlining decision making is made iteratively until there are no more calls to inline or until
the module has become larger than a specified threshold.
The state that the iteration acts upon consists of the following data structures.

e A priority queue that contains pairs of functions (F}, F») and the number of calls N 521
from Fy to F; for each such pair. This priority queue supports three basic operations:
— Find-Maximum: which returns the pair with the maximum number of calls.

— Delete-Maximum: which returns and deletes the pair with the maximum num-
ber of calls.

— Update: which updates a pair with a new number of calls.

e A set that contains all calls (Fy, F») that have been already inlined. This exists to
prevent inlining loops from happening. However it also prevents self-recursive calls
from being inlined, which could potentially improve performance. We decided to
keep this simple mechanism, despite the potentially lost benefit on performance.

e A map of the total calls to each function which is initially constructed for each f by
adding the number of calls for all pairs on the priority queue Ty =3, N ]{Z

e A map of the size of each function, which is used to compute whether the module
has become larger than the specified limit.

The main loop works as follows:

1. Delete-Maximum from the priority queue.

2. Check that all the following conditions are satisfied for the specific pair of functions
(F1, Fy).

e Not being already inlined.
e Having a number of calls higher than a specified threshold.

e Not making the module grow more than the specified limit.
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3. If one of those conditions fails, then the loop continues.
4. Otherwise:

(a) All the local calls to Fy in F} are inlined.
(b) The set of already inlined pairs is updated with the pair (Fy, F5).

(¢) The map of function sizes is updated for function F; based on its new size after
the inline.

(d) The priority queue is updated in the following way. We find all the pairs (Fz, F};)
in the priority queue and also all the total calls T, for F5>. Then we update every
pair (F1, Fy) in the priority queue with the call number N }l;;l +N 521 * N }1;;2 /Tr,.
In practice this means that every call that was done from F, will now be done
from Fj.

Inlining Algorithm

The inlining algorithm that we used is fairly standard, except for some details specific to
Icode. In order to properly describe the algorithm we will first define a slightly simpler
form of Erlang Icode, Icode-Mini, in Fig. 4.1 so that we can focus on the semantics of the
optimization without having to deal with unnecessary details.

c € Const Constants
xz € Var Variables
l € Label Labels
f € Function Functions
t € Type Types

vi=cl|ax

i == label [ | if v then I; else I | type t v I; Iy | goto [ | move vg v,
phi Vd (< l,v1 >,...,<ln,vp >) | call vg f (vl,...,vn) |
enter f (vi,...,v,) | return v | begin-try /; lp | end-try |

fail (vi,...,vy) 1

Figure 4.1: Icode-mini definition

First of all we need a function that updates all variables and labels to unique variables
and labels. Let vmap be a function that maps variables in the callee function to new
unique variables in the caller function. Let lmap be a function that maps labels in the
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callee function to new unique labels in the caller function.

U (label [.is) = label imap(l).U(is)

U(if v then I; else lf.is) = if vmap(v) then Imap(l;) else Imap(ly).U (is)
type t vmap(v) Imap(ly) Imap(ly).U((is)
label Imap(1).U (is)

move vmap(vg) vmap(vs).U (is)

Utype t v l; ly.is
U(goto l.is

) =

) =

) =

) =

U(move vy v5.i5)

U(phi vg (< l1,v1 >,...).is) = phi vmap(vq) (< Imap(l1),vmap(vy) >, ...).U(is)
) = call vmap(vq) f (vmap(vy), ..., vmap(vy)).U(is)

)

)

)

) =

ca
enter f (vmap(vi),...,vmap(vy)).U(is)
re

U(call vg f (v1,...,vp).is
U(enter f (vi,...,vy).is

U(return v.is

eturn vmap(v).U (is)
U(begin-try [y ls.is) = begin-try Imap(ly) Imap(l2).U(is)

U(fail (v1,...,vy) l.is) = fail (vmap(vy), ..., vmap(vy,)) Imap(l).U(is)

We also need to define a function that transforms each enter to a call and a return. In
practice enters have the same functionality as a call and a return.

E(enter f (v1,va,...,v;).is) = call v, f (v1,v2,...,v).return v..E(is)

We also need to define a function that transforms all return instructions to a move and
a goto as the returns in the callee should not return from the caller, but should rather just
move their values to the destination variable.

R(return v.is,vg,lq) = move vy v.goto l4.is

Consider that we will inline function f» in function f;. Every function has a name,
arguments, and a body, which is as a sequence of instructions. Let body(f2) = i1.i2.is,
args(f2) = a1, a2, ..., am, vmap and Imap as defined above. The final inlining transforma-
tion is the one below.

I(call vy fo (v1,v2,...,;Vm).18) =move vmap(ai) vi...move vMap(am,) Un.-

R(E(U(body(f2))),va,lq) label 14.1(is)
I(enter fy (v1,v2,...,Up).i8) =move vmap(ay) vi..move vmap(am,) v

U(body(f2))-1(is)

The I transformation is only defined for the interesting cases, as in all other cases it
functions as the identity function.

It is worth mentioning that Erlang uses cooperative scheduling which is implemented
by making sure that processes are executed for a number of reductions and then yield.
When the reductions of a process are depleted, the process is suspended and another
process is scheduled in instead. Reductions are implemented in Icode by the redtest()
primitive operation (primop) in the beginning of each function body; cf Listing 4.5. When
inlining a function call, the call to redtest() in the body of the callee is also removed. This
is safe to do, because inlining is bounded anyway.

Comparison with static inlining

In order to ensure that our profile driven inlining provides a real performance benefit, we
compared it to the static inlining that the Erlang compiler offers. This static inlining algo-
rithm is an implementation of the algorithm by Waddell and Dybvig [Wadd97], adapted
to the Core Erlang language, with a slight change. Instead of always renaming variables
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and function variables, it uses the “no-shadowing” strategy [Peyt02]. We measured the
execution times and the generated code sizes of several applications with static or profile
driven inlining. The speedup of the different inlining methods compared to compilation
without inlining is shown in Fig. 4.2. The code size growth of the different methods
is shown in Fig. 4.3. The configurations that we compared are two static ones (a more
conservative Static-25 and a more aggressive one Static-100) and three profile driven ones
(the number in those configurations is the minimum number of calls for a call to be inlined
and small/med describe the allowed code size growth).

Speedup of different inlining methods

1.6
Static-25

Static-100
Profile-10-med
Profile-100-med
Profile-100-small

1.5

1.4+

134

Speedup
-
N
N

1.1+

1.04

0.9

0.8 -
dialyzer_plt dialyzer_mnesia huff barnes life nrev gsort

Benchmark

Figure 4.2: Speedup of different inlining methods

In Fig. 4.2 it can be seen that all different inlining methods provide a speedup when
used. Note that higher speedup is better. Our profile driven inlining method generally
leads to better execution times except for the barnes benchmark. We compared several
different configurations for our inlining method and the more conservative ones, Profile-
100-small and Profile-100-med, seem to perform better.

As can be seen in Fig. 4.3, two configurations of profile driven inlining lead to relatively
large code growth. This can be mainly attributed to two causes. First of all, the inlining
method Profile-10-med is very aggressive and inlines every call that has happened more than
ten times (which leads to bigger code growth for the life benchmark). In addition, as also
explained in Section 4.2.1, the maximum code growth limit is variable, so smaller modules
can grow more than larger modules (especially in the med configurations). Therefore,
applications huff, barnes, nrev, and gsort (which consist of small modules) have a larger
limit and can grow much more.

It is interesting to note that Static-25 generally does not lead to any code growth
(in some cases it even reduces the code size). This can be attributed to two reasons: The
performance from later optimizations is improved, thus reducing code size, and an analysis
that removes non exported functions that are never called is performed after inlining. We
have not yet implemented this analysis after our inlining pass so we expect to achieve
better code size benefits after implementing it.
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Figure 4.3: Code size growth of different inlining methods

Discussion and Further Work

Our inlining implementation generally achieves speedup compared to the static inlining,
that is already implemented in the Erlang compiler, in both large and small applications.
However there is still a lot of space for improvement. We do not yet inline tail-recursive
calls, which could provide some additional benefit in some specific cases. In addition,
we have not yet implemented a dead-function analysis after our inlining pass that checks
whether a local function is called anywhere, and if not removes it.
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Chapter 5

Evaluation

In this chapter, we evaluate the performance of HiPEr[iT against BEAM, which serves
as a baseline for our comparison, and against two systems that also aim to surpass the
performance of BEAM. The first of them is the HiPE compiler." The second is the Pyrlang
meta-tracing JiT compiler for Erlang, which is a research prototype and not a complete
implementation; we report its performance on the subset of benchmarks that it can handle.
We were not able to obtain a version of BEAMJIT to include in our comparison, as this
system is still (May 2018) not publicly available. However, as mentioned in Section 2.3.1,
BEAM]JIT does not achieve performance that is superior to HiPE anyway.

We conducted all experiments on a laptop with an Intel Core i7-4710HQ @ 2.50GHz
CPU and 16 GB of RAM running Ubuntu 16.04.

5.1 Profiling Overhead

Our first set of measurements concerns the profiling overhead that HiPErJiT imposes. To
obtain a rough worst-case estimate, we used a modified version of HiPEr[iT that profiles
programs as they run but does not compile any module to native code. Note that this
scenario is very pessimistic for HiPErJiT, because the common case is that JiT compilation
will be triggered for some modules, HiPEr]JiT will stop profiling them at that point, and
these modules will then most likely execute faster, as we will soon see. But even if native
code compilation were not to trigger for any module, it would be very easy for HiPErJiT to
stop profiling after a certain time period has passed or some other event (e.g., the number
of calls that have been profiled has exceeded a threshold) has occurred. In any case, our
measurements showed that the overhead caused by probabilistic profiling is around 10%.
More specifically, the overhead we measured ranged from 5% (in most cases) up to 40%
for some heavily concurrent programs.

We also separately measured the profiling overhead on all concurrent benchmarks with
and without probabilistic profiling, to measure the benefit of probabilistic over standard
profiling. The average overhead that standard profiling imposes on concurrent benchmarks
is 19%. while the average slowdown of probabilistic profiling on such benchmarks is 13%.

5.1.1 Evaluation on Small Benchmark Programs

The benchmarks we used come from the ErLLVM benchmark suite®, which has been
previously used for the evaluation of HiPE [JohaOO], ErLLVM [Sago12], BEAM]JIT [Drej14],
and Pyrlang [Huan16]. The benchmarks can be split in two sets: (1) a set of small, relatively
simple but quite representative Erlang programs, and (2) the set of Erlang programs from

‘ For both BEAM and HiPE, we used the ‘master’ branch of Erlang/OTP 21.0.

*We used the latest version of Pyrlang (https://bitbucket.org/hrc706/pyrlang/overview) built using
PyPy 5.0.1.

® https://github.com/cstavr/erllvm-bench
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the Computer Language Benchmarks Game (CLBG)‘ as they were when the ErLLVM
benchmark suite was created.
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Figure 5.1: Speedup over BEAM on small benchmarks.

Comparing the performance of a Just-in-Time with an ahead-of-time compiler on small
benchmarks is tricky, as the JiT compiler also pays the overhead of compilation during
the program’s execution. Moreover, a JiT compiler needs some time to warm up. For this
reason, we report three numbers for HiPErJiT: the speedup achieved when considering
all overheads, the speedup achieved when disregarding the first run, and the speedup
achieved in the last 50% of many runs, when a steady state has been reached. We also use
two configurations of HiPE: one with the maximum level of optimization (03), and one
where static inlining (using the {inline_size, 25} compiler directive) has been performed
besides 03.

The speedup of HiPEr[iT, HiPE, and Pyrlang compared to BEAM for the small bench-
marks is shown in Figs. 5.1 and 5.2. (We have split them into two figures based on
scale of the y-axis, the speedup over BEAM.) Note that all speedups we report are aver-
ages of several different executions. The overall average speedup for each configuration is
summarized in Table 5.1.

Table 5.1: Speedup over BEAM for the small benchmarks.

Configuration Speedup
HiPE 2.08
HiPE + Static inlining 2.17
Pyrlang 1.05
HiPErJiT 1.85
HiPEr]iT w/o 1st run 2.08

HiPEr[iT last 50% runs 2.33

Overall, the performance of HiPErJiT is almost two times better than BEAM and
Pyrlang, but slightly worse than HiPE. However, there also exist five benchmarks (barnes,
nrev, fib, smith and tak) where HiPErJiT, in its steady state (the last 50% of runs), sur-
passes HiPE’s performance. This strongly indicates that the profile-driven optimizations

“ http://benchmarksgame.alioth.debian.org/
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that HiPEr[iT performs lead to more efficient code, compared to that of an ahead-of-time
native code compiler performing static inlining.

mmm BEAM

HiPE
I HiPE + Static inlining
mmm Pyrlang
BN HiPEr)iT
B HiPEr)iT w/o 1st run
Bl HiPEr)iT last 50% runs

Speedup over BEAM

Figure 5.2: Speedup over BEAM on small benchmarks.

Out of those five benchmarks, the most interesting one is smith. It is an implementation
of the Smith-Waterman DNA sequence matching algorithm. The reason why HiPEr[iT
offers better speedup over HiPE is that profile-driven inlining manages to inline functions
alpha_beta_penalty/2 and max/2 in match_entry/5, which is the most time-critical function of
the program, thus allowing further optimizations to improve performance. Static inlining
on the other hand does not inline max/2 in match_entry/5 even if one chooses very large
values for the inliner’s thresholds.

On the ring benchmark (Fig. 5.2), which is heavily concurrent, HiPErJiT performs
worse than both HiPE and BEAM. To be more precise, all systems perform worse than
BEAM on this benchmark. The main reason is that the majority of the execution time is
spent on message passing (around 1.5 million messages are sent per second), which is part
of BEAM’s runtime system. Finally, there are a lot of process spawns and exits (around
20 thousand per second), which leads to considerable profiling overhead, as HiPErJiT
maintains and constantly updates the process tree.

Another interesting benchmark is stable (also Fig. 5.2), where HiPErJiT performs
slightly better than BEAM but visibly worse than HiPE. This is mostly due to the fact
that there are a lot of process spawns and exits in this benchmark (around 240 thousand
per second), which leads to significant profiling overhead.

The speedup of HiPErJiT and HiPE compared to BEAM for the CLBG benchmarks is
shown in Figs. 5.3 and 5.4. The overall average speedup for each configuration is shown
in Table 5.2.

Table 5.2: Speedup over BEAM for the CLBG programs.

Configuration Speedup
HiPE 2.05
HiPE + Static inlining 1.93
HiPEr]iT 1.78
HiPEr]iT w/o 1st run 2.14

HiPErJiT last 50% runs 2.26
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Figure 5.3: Speedup over BEAM on the CLBG programs.
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Figure 5.4: Speedup over BEAM on the CLBG programs.

As with the small benchmarks, the performance of HiPErJiT mostly lies between BEAM
and HiPE. When excluding the first run, HiPEr]JiT outperforms both BEAM and HiPE in
several benchmarks (binarytrees, except, fannkuch, fannkuchredux, fasta, fibo, nestedloop, and
recursive). Finally, if we only consider the steady state of the JiT Compiler (last 50% of
the runs), HiPErJiT outperforms both HiPE and BEAM in one more benchmark (matrix).
However, HiPErJiT’s performance on some benchmarks (revcomp, takfp, and threadring) is
worse than both BEAM and HiPE because the profiling overhead is higher than the benefit
of compilation.

5.1.2 Evaluation on a Bigger Program

Besides small benchmarks, we also evaluate the performance of HiPErJiT on a program of
considerable size and complexity, as results in small or medium-sized benchmarks may not
always provide a complete picture for the expected performance of a compiler. The Erlang
program we chose, the Dialyzer [Lind04] static analysis tool, is both big (about 30,000
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LOC) and complex and highly concurrent [Aron13]. It has also been heavily engineered
over the years and comes with hard-coded knowledge of the set of 26 modules it needs
to compile to native code upon its start to get maximum performance for most use cases.
Using an appropriate option, the user can disable this native code compilation phase,
which takes more than a minute on the laptop we use, and in fact this is what we do to
get measurements for BEAM and HiPEr]iT.

We use Dialyzer in two ways. The first builds a Persistent Lookup Table (PLT) con-
taining cached type information for all modules under erts, compiler, crypto, hipe, kernel,
stdlib and syntax_tools. The second analyzes these applications for type errors and other
discrepancies. The speedups of HiPErJiT and HiPE compared to BEAM for the two use
ways of using Dialyzer are shown in Table 5.3.

Table 5.3: Speedups over BEAM for two Dialyzer use cases.

Dialyzer Speedup

Configuration Building PLT Analyzing
HiPE 1.73 1.70
HiPE + Static inlining 1.75 1.72
HiPErJiT 1.51 1.30
HiPEr]iT w/o 1st run 1.58 1.35
HiPEr]iT last 50% runs 1.62 1.37

The results show that HiPErJiT achieves performance which is better than BEAM’s but
worse than HiPE’s. There are various reasons for this. First of all, Dialyzer is a complex
application where functions from many different modules of Erlang/OTP (50-100) are
called with arguments of significant size (e.g., the source code of the applications that are
analyzed). This leads to considerable tracing and bookkeeping overhead. Second, some
of the called modules contain very large, often compiler-generated, functions and their
compilation takes considerable time (the total compilation time is about 70 seconds, which
is a significant portion of the total time). Finally, HiPErJiT does not compile all modules
from the start, which means that a percentage of the time is spent running interpreted
code and performing mode switches which are more expensive than same-mode calls. In
contrast, HiPE has hard-coded knowledge of “the best” set of modules to compile to native
code before the analysis starts.
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Chapter 6

Conclusion

6.1 The current state of HiPEr]iT

We have presented HiPEr]iT, a profile-driven Just-in-Time compiler for the BEAM ecosys-
tem based on the HiPE native code compiler. It offers performance which is better than
BEAM’s and comparable to HiPE’s, on most benchmarks. Aside from performance, we
have been careful to preserve features such as hot code loading that are considered impor-
tant for Erlang’s application domain, and have made design decisions that try to maximize
the chances that HiPErJiT remains easily maintainable and in-sync with components of
the Erlang/OTP implementation. In particular, besides employing the HiPE native code
compiler for most of its optimizations, HiPErJiT uses the same concurrency support that
the Erlang Run-Time System provides, and relies upon the tracing infrastructure that it
offers. Thus, it can straightforwardly profit from any improvements that may occur in
these components.

Our main concern regarding HiPErJiT is the profiling overhead, especially in highly
concurrent and complex applications. At the moment, it does not cause major problems
because once HiPErJiT decides to compile a module to native code, the profiling stops
and overhead drops to zero. However, in the context of continuous run-time optimization,
which is the direction we want to pursue, profiling will become a critical issue.

6.2 Future Work

Despite the fact that the current implementation of HiPEr[iT is quite robust and performs
reasonably well, profile-driven JiT compilers are primarily engineering artifacts and can
never be considered completely “done”. Furthermore, HiPErJiT is just a first step towards
the ultimate goal of lifelong feedback-directed optimization of programs. Therefore, there
are several directions of work that we would like to follow in the future.

e Investigating techniques that reduce the profiling overhead of HiPEr]iT, especially in
heavily concurrent applications.

e Evaluate HiPErJiT on long-running real world applications, as they are the ideal
focus for continuous run-time optimization.

e Improve the stability and precision of HiPErJiT’s profiling mechanisms.

e Introduce more effective type optimizations that could benefit from type specialization
and inlining.

e Improve the performance of message passing using profiling data.
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