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Multi-instance graph algorithms interleave the evaluation of multiple instances of the same algorithm with
different inputs over the same graph. They have been shown to be significantly faster than traditional serial and
batch evaluation, by sharing computation across instances. However, writing correct multi-instance algorithms
is challenging; and in this work, we describe AutoMI, a framework for automatically converting vertex-centric
graph algorithms into their vectorized multi-instance versions. We also develop an algebraic characterization
of algorithms that can benefit best from multi-instance computation with simpler and faster streamlined
vectorization. This allows users to decide when to use such optimization and instruct AutoMI to make the best
use of SIMD vectorization. Using 6 real-life graphs, we show that AutoMI-converted multi-instance algorithms
are 9.6 to 29.5 times faster than serial evaluation, 7.1 to 26.4 times faster than batch evaluation, and are even 2.6
to 4.6 times faster than existing highly optimized handcrafted multi-instance algorithms without vectorization.
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1 INTRODUCTION

Multi-instance graph algorithms have found widespread use in social analysis [30, 35, 54], web
search [33, 44, 61] and bioinformatics [14, 37, 48], where one needs to run the same query multiple
times with different source vertices as inputs. Multi-instance algorithms interleave their evaluation
in order to exploit computation sharing across source vertices. In addition, they can capitalize on
vectorization as the same algorithm is invoked for all source vertices.

These make multi-instance algorithms significantly faster than traditional serial evaluation
that process the queries one by one. For example, multi-instance breadth-first search (BFS) has
been shown an order of magnitude faster than serial evaluation for 256 sources over real-life
graphs with million vertices [54]; similarly, a multi-instance implementation of the Bellman-Ford
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Table 1. Running time of multi-instance graph algorithms: (1) PowerLyra [20] processes sources
one by one using single-instance algorithms; Quegel [59, 64] uses batching to process multiple sources
concurrently; MultiLyra [40] uses hand-crafted implementation of multi-instance algorithms from its authors;
AutoMI directly runs its auto-converted GAS programs using PowerLyra. (2) GC: greedy graph coloring [24];
CF (SGD): collaborative filtering with SGD [31]; SpMV: Sparse Matrix-Vector multiplication [21]. (3) X: algorithm
is not available. (4) We used 256 sources over graph LiveJournal [5] with 4.8M vertices and 69M edges, and
MovieLens [6], a bipartite graph with 0.16M vertices and 20M edges (for CF only).

methods |Boolean BFS|Int.BFS| SSSP SpMV |PageRank| GC CF(SGD)
PowerLyra| 297.28s |525.94s|404.61s|742.15s| 873.17s |609.62s| 749.78s
Quegel 247.42s |355.69s|315.43s| X X X X
MultiLyra | 35.42s | 58.57s | 55.96s | X X X X
AutoMI 10.69s 32.02s | 13.71s | 73.555 | 105.93s | 81.35s | 121.52s

algorithm for single-source shortest path (SSSP) has been shown to give a 5-fold improvement over
a single-instance implementation for 64 source vertices [40].

While a well developed multi-instance algorithm can bring significant performance boost, a
caveat is that they are notoriously hard and delicate to design and implement. For instance, to get
the above speedup, multi-instance BFS takes over 550 lines of highly engineered C++ code to just
implement its main algorithmic logic [7].

This is because the performance boost relies on carefully aligned execution of different instances
to share graph traversal and computation costs, which requires significant engineering effort to im-
plement properly. In addition, hand-rolled SIMD vectorization adds a further layer of challenges in
implementing efficient multi-instance graph algorithms. While there has been recent frameworks to
assist developers to write multi-instance algorithms [34, 40], they still require carefully crafted imple-
mentation from users to address these challenges and to do so with specialized programming models.

AutoML. In response to the challenge of designing and implementing effective multi-instance algo-
rithms, we present AutoMI, a framework that automatically converts traditional single-instance al-
gorithms into their vectorized multi-instance version. AutoMI relieves developers from the burden of
writing delicate multi-instance algorithms and achieves superior performance through vectorization.

AutoMI targets vertex-centric algorithms [36, 39, 41] written in the GAS (Gather-Apply-Scatter)
programming model as promoted by major distributed graph computing frameworks [20, 24] for
their simplicity. Given any GAS program that implements a traditional single-source graph algo-
rithm e.g., BFS or SSSP, AutoMI generates a GAS program correctly implementing the corresponding
multi-instance version that can run on any generic GAS system.

Moreover, multi-instance algorithms generated by AutoMI are highly efficient, up to an order
of magnitude faster than serial evaluation of single-instance algorithms over the same GAS engine,
and are even faster than handcrafted multi-instance algorithms implemented with a dedicated
programming framework. As shown in Table 1, it takes PowerLyra [20], the successor of Power-
Graph [24], 297.28s to process Boolean BFS with 256 sources using its built-in single-instance BFS.
This is reduced to 10.69s by just running the multi-instance BFS converted by AutoMI on PowerLyra,
improving the latter by 27.8 times. It also has similar performance advantages over Quegel [59, 64],
a query batching framework that evaluates multiple sources concurrently. Better still, it is even 3.3
times faster than the handcrafted multi-instance BFS in MultiLyra [40] by virtue of its embedded
vectorization in the generated algorithms; similarly for other algorithms (see more in Section 7).
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Automating vectorization. The natural idea of converting a single-instance algorithm into its multi-
instance version is to populate vertex properties for all sources and vectorize associated operations.
However, we show that such direct vectorization of GAS programs can cause incorrect answers as

it critically relies on the assumption that each time the GAS program fires at a vertex v, all sources
are visiting v. To remedy this, AutoMI automatically keeps track of the traversal progress of all
sources and assures that the converted algorithm only progresses those sources that would visit
v if they each run independently. To do this, AutoMI first generates an abstract syntax tree (AST)
of the single-instance GAS algorithm and annotates it with track, a carefully deduced annotation
that helps trace the progress of sources. It then generates GAS program from the annotated AST,
converting annotations into SIMD (single-instr.-multi-data) masks that guard against incorrect
vectorization of vertex operations. We prove that, with track, AutoMI always produces correct
multi-instance GAS programs that benefit from vectorization.

Track-free vectorization via idempotence. While track guarantees that multi-instance GAS algo-
rithms generated by AutoMI are always correct, there exist algorithms for which track is not
necessary. For such algorithms, users can instruct AutoMI to generate streamlined track-free vec-

torized GAS programs that are significantly simpler and faster. For instance, Boolean BFS in Table 1
is track-free while Int. BFS is not, which is consistent with the speedup of AutoMI over PowerLyra:
27.8 times for Boolean BFS and 16.4 times for Int. BFS.

A critical problem is to decide when it is safe for AutoMI to use track-free vectorization. To this
end, we extend linear algebra to allow users to abstract algorithmic logic of the Apply and Scatter
functions of their GAS programs, independently, in the extended algebra. We then develop a formal
characterization of track-free vectorization of single-instance GAS algorithms by reducing to two
algebraic idempotence properties of their algebra abstraction, allowing users to decide when to
enable track-free vectorization in AutoMI.

Putting this together, AutoMI automatically generates a variety of multi-instance GAS algorithms
and benefits from track-free vectorization when users decide it is safe for their algorithms, yielding
9.6 to 29.5 times of speedup over real-life graphs (see Sections 6-7).

Contributions. In summary, we make the following contributions:

e We develop AutoMI that, given a single-instance GAS algorithm A, automatically generates a
multi-instance GAS algorithm A,, for A that can run over existing GAS systems (Section 3).

e We propose TrackFree, an optimization for a class of algorithms of which A,, can be made
significantly simpler and faster (Section 4).

e We give an algebraic characterization of A to decide when to use TrackFree in AutoMI (Section 5).
e We show how AutoMI generates multi-instance programs for a variety of algorithms (Section 6).

e We implement AutoMI and evaluate its effectiveness (Section 7).

Related Work. There is extensive related research.

Multi-instance algorithms. These have been developed for SQL [50, 51], XQuery [16], SPARQL
[33, 44], subgraph [48] and regular path query (RPQ) [14]. They identify common sub-queries
and re-use them to answer multiple queries. For graph traversal, multi-instance algorithms are
developed to interleave the evaluation of the same query with multiple sources, yielding much
higher efficiency [30, 34, 54, 61]. Among them, MITra [34] is a generic framework for composing
single-thread multi-instance graph traversal algorithms. In contrast, AutoMI automatically converts
single-instance GAS algorithms into optimized multi-instance GAS algorithms.
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Distributed graph frameworks. There are a number of vertex-centric distributed graph computation
frameworks [2, 20, 24, 29, 36, 39], and we refer readers to recent surveys [15, 27, 38, 41, 58, 63] for a
detailed coverage. They target single-instance graph algorithms and do not help with multi-instance
computation. AutoMI is orthogonal to and complements these, directly benefiting GAS systems.

Also related is the study of distributed [40, 57, 67] and parallel [37, 43, 62, 65, 68] concurrent
iterative job processing. They optimize groups of jobs via scheduling and partitioning to improve
efficiency [19, 43, 60, 62, 67] and cache hit rate [37]. They are orthogonal to multi-instance algorithms
that share computation across jobs via interleaved evaluation. They also require users to re-
implement algorithms via their interface as opposed to automated conversion that AutoMI provides.

Quegel [59, 64], a distributed system for batched graph query processing, allows users to specify
queries as single-instance vertex-centric algorithms using the programming model of Pregel [39]. It
employs batch scheduling to execute multiple query instances concurrently. Compared to AutoMI,
Quegel’s batching technique misses out on vectorization. Moreover, Quegel does not integrate
computation and communication across query instances.

Closer is MultiLyra [40] that extends PowerLyra to enable users to program batched graph query
evaluation of multiple instances. Compared to AutoMI, MultiLyra requires manual implementation
of multi-instance programs and also misses out on vectorization.

Graph algorithm compilation. Many domain-specific languages have been proposed for program
synthesis for graph algorithms [28, 46, 47, 66]. They obtain high-level algorithm specifications
from users and generate efficient algorithm implementation. However, they do not produce multi-
instance algorithms. Closer to our work is SAMA [55], which transforms graph algorithms into
multi-snapshot algorithms optimized for concurrent execution over multiple snapshots of temporal
graphs. In contrast, AutoMI automatically converts single-instance GAS algorithms into multi-
instance programs for computation sharing over the same non-temporal graph.

Semiring frameworks. There has been extensive research on semiring frameworks for modeling
provenance [17, 25, 26] and expressing queries [13, 23, 42]. The algebraic characterization proposed
in Section 5 builds upon the machinery from prior art to, however, capture TrackFree property of
GAS programs rather than queries, to help users decide when it is safe to enable TrackFree.

2 PRELIMINARIES

Graphs. A graph is denoted by G(V, E), where V is the set of vertices and E C V X V is the set of
edges. We consider directed graphs possibly with edge weights, i.e., there exists a function w that
assigns each edge e € E a property w(e) from a domain, e.g., integers.

Queries and algorithms. We consider traversal queries over graph G(V, E). More specifically,
a query Q(s) takes as input a source vertex s € V and returns, for each vertex v € V, an answer
value ans(v) according to the query semantics of Q.

For example, a Boolean breadth-first search (BFS) query Qugrs(s) asks, for each vertex v of G,
whether v is reachable by a breadth-first search starting from s; an Integer BFS query Qiprs (s) instead
computes the level of each v of G in the breadth-first search iteration starting from s; a distance query
QOsssp (s) asks the distance from s to each vertex v of G. More examples are discussed in Section 6.

We refer to algorithms that evaluate such traversal queries as single-instance algorithms (denoted
by A) since they take as input a single source vertex and compute answers of all vertices for the query.
Multi-instance algorithms. A multi-instance algorithm A,, for traversal query Q answers Q for
multiple source vertices. Specifically, given graph G and source vertices sy, ..., sy of G, A, for Q
computes the answers to Q(s1), ..., Q(sx) in G. We opt not to use “multi-source” to distinguish from
algorithms that return a single aggregated answer for multiple sources, e.g., multi-source SSSP [35].
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ALGORITHM 1: Single-instance Integer BFS

1 #define vertex_data { <int> ans, <bool> visited } ; // vertex properties
2 #define msg{<int>ans}; // define message struct
3 Function Gather (vertex u, edge (u, v), vertex v) // invoked at v (center vertex)
4 L return msg // sent from u by Scatter in previous round
5 Function Gather_Acc(vertex v, msg_acc, msg) // center vertex: v
6 msg_acc.ans « Min (msg_acc.ans, msg.ans) ; // accumulate and aggregate msg in msg_acc; initially, msg_acc.ans is 0 if
v is source and +0o otherwise

7 return msg_acc;

8 Function Apply(vertex v, msg_acc) // center vertex: v
9 if NOT wv.visited then

10 0.ans «— msg_acc.ans;

1 v.visited « True;

12 changed « True; // mark changed as True
13 Function Scatter(vertex v) // center vertex: v
14 if changed then // check if changed is True
15 msg.ans <« v.ans + 1;

16 Signal (msg) ; // activating and sending msg to outward neighbors

A naive multi-instance algorithm for any query Q is to invoke a single-instance algorithm
for each source, computing Q(sy), ..., Q(sx) one by one; we refer to this as a serial evaluation.
However, this does not exploit the huge space of computation sharing across sources. Indeed, there
is substantial work in developing “real” multi-instance algorithms that interleave the evaluation of
Q for multiple sources, yielding much higher efficiency [30, 34, 54, 61].

Vertex-centric algorithms. These are algorithms in which the same code is associated with
each node in a graph. Evaluation is simple and proceeds in parallel. At each step, each of a set of
designated nodes reads values from its immediate neighbors, it processes that data, to obtain values
that are sent to its neighbors for the next round. They are widely adopted by distributed graph
computing systems, e.g., Pregel [39], GraphLab [36]. We refer readers to [15, 27, 38, 41, 58, 63] for
comprehensive surveys on vertex-centric algorithms.

Populating algorithms. In contrast to designing effective multi-instance graph algorithms as
prior work does, we take a different approach, to automatically convert single-instance algorithms
A into their multi-instance version A,,, which we refer to as populating A.

3 VECTORIZING GRAPH ALGORITHMS

We show that populating algorithms is doable, automatically, for vertex-centric graph algorithms.

3.1 Multi-instance GAS Algorithms

We focus on vertex-centric algorithms implemented with the GAS (Gather-Apply-Scatter) pro-
gramming model, as promoted by e.g., PowerGraph [24] and PowerLyra [20] for its simplicity. We
remark that our methods in principle can be adapted for other models [39].

GAS via an example. To see what GAS programs look like and how they run, we use Integer BFS
(recall Section 2) as an example. Algorithm 1 depicts a textbook Integer BFS in GAS.

Algorithm 1 abstracts the vertex computation logic of BFS and is invoked by a GAS system in
synchronized rounds for each active vertex independently. It consists of (a) a preamble (lines 1-2)
that defines vertex properties, i.e., ans and visited for BFS, and a mandatory message structure
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ALGORITHM 2: Multi-instance Integer BFS

1 #define vertex_data { array <int> ans, bitvec <bool> visited } ;
2 #define msg { array <int>ans};

3 Function Gather (vertex u, edge (u, v), vertex v)
4 L return msg ;

5 Function Gather_Acc(vertex v, msg_acc, msg)

7 msg_acc.ans < simd_Min (msg_acc.ans, msg.ans) ;
8 return msg_acc;

9 Function Apply (vertex v, msg_acc)

10 mask « simd_: Neg ( , v.visited) ;

11 v.ans < simd_mask_Set (mask, v.ans, msg_acc.ans) ;

12 v.visited « simd_mask_Set (mask, v.visited, 1) ; // 1: constant True vector
13 changed < simd_mask_Set (mask, changed, 1) ;

14 Function Scatter(vertex v)

15 mask < simd_mask_Set ( , mask, changed) ;
16 msg.ans «— simd_mask_Add ( ,v.ans, 1);
17 if NOT simd_A11_Zero (mask) then // if changed is True for some source

19 L Signal (msg) ;

msg that captures the communication between adjacent vertices, and (b) functions that specify the
vertex computation logic (lines 3-16). In each round, it is invoked on each of the active vertices of
G in parallel, where a vertex v is active if there exists some vertex v that signals v (line 16) in the
previous round; initially, only the source s is active.

More specifically, a GAS vertex program consists of 4 functions, executed in 3 stages with
synchronization barrier in between:

(1) Gather phase. Function Gather is invoked at each active vertex v to pull msg from inward
neighbor vertices (line 4). The messages from all neighbors are aggregated at v as msg_acc via
Gather_Acc (lines 6-7). For BFS, msg from vertex u is the BFS depth of u plus 1, assigned by Scatter
function (line 15) in the previous round. Function Gather _Acc is a binary operation function on msg
and msg_acc that is commutative and associative. With these properties, aggregating on this func-
tion can itself be parallelized, which is important when the number of neighboring vertices is large.

(2) Apply phase. Apply is then invoked at v using vertex properties and msg_acc of v only (line 8).
For BFS, it checks if v is visited: if not (i.e., v.visited is False), it updates the BFS depth of v with
msg_acc (line 10), marks v as visited (line 11) and its answer as changed (line 12). Here changed
is a reserved local variable commonly used in GAS programs to indicate if vertex properties at v
is changed in the round; it is reset to False at the start of Apply phase in each round.

(3) Scatter phase. Finally, v decides whether to activate outward neighbors for the next round via
Scatter (line 13). For BFS, v activates neighbors only when its answer was just updated by Apply,
i.e., changed is True (line 12). If so, v assigns its answer, i.e., BFS depth, plus 1 to msg (line 15) and
signals neighbors to be active for the next round (line 16), which will pull msg from v in Gather phase.

A GAS system would invoke Algorithm 1 as the vertex function of BES at all active vertices, round
by round, until no vertex is signaled (active); it then returns the ans property of all vertices. By
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ans: (0,00) (00, 0)
visited: (T, F) G? @P (F,T) %D
, (00, 00) s (1, .1
(?FO)@@ ) (F,F visited: ETCIXS)@ —~() §?C T))
(a) before round 1 (initial state) (b) after round 2

Fig. 1. Data graph for Example 1 (sources: s, and s;)

signaling active vertices for each round, systems need only invoke programs for vertices that require
computation instead of blindly running at all vertices, making them practical and scalable [39, 41, 59].

Why multi-instance GAS? There are three reasons that we may want multi-instance GAS
algorithms when handling multiple sources.

(1) A multi-instance GAS algorithm often requires fewer rounds to complete than answering sources
one by one with a single-instance GAS algorithm. For BFS, we can signal all sources initially and
then the BFS search would start from each source logically in parallel.

(2) Moreover, they enable us to group the vertex computations for different sources. This increases
data locality and opens an avenue for vectorization, benefiting from e.g., SIMD on modern CPUs.
For BFS, assume that we have 8 sources visiting v. Then v.ans+ 1 of line 15 in Algorithm 1 can be
vectorized using Intel SIMD intrinsics [3] as _mm256_add_epi32 (v_ans, _mm256_setl_epi32 (1)),
where v_ans is a vector of 8 integers such that v_ans([i] is the BFS depth from the i-th source.
This allows us to share computations across BFS instances of different sources via e.g., SIMD.

Why does SIMD vectorization not work? One may think that writing multi-instance algorithms
in GAS is just to populate vertex properties into vectors and vectorize operations on vertex properties
via e.g., SIMD (which we refer to as streamlined vectorization). It is however much more than that.

In fact, blindly applying streamlined vectorization effectively assumes that all sources are visiting

the active vertex v when a GAS function fires at v, which does not hold in many cases. As a result, a
multi-instance GAS algorithm produced by streamlined vectorization could be incorrect as a vertex
that is “activated” for only one source would be treated as if it were activated for all.
A counterexample: vectorized BFS. Consider BFS in Algorithm 1. By populating vertex property and
vectorizing operations via branchless programming [56], we obtain a multi-instance BFS with
streamlined vectorization as Algorithm 2 without the part shadowed in gray. Each vertex property is
now a vector and the control flow of Apply in Algorithm 1 is vectorized as lines 10-13 of Algorithm 2
via masked SIMD (3, 45, 56]; similarly for lines 14-16 of Algorithm 1.

Here a masked SIMD is of the form simd_mask_OP (mask, data), where mask is a bitvec of
same length as data such that masked operation OP only applies to data[i] when mask[i] is True.
For instance, simd_mask_add (mask, ans, 1) can be implemented using Intel SIMD intrinsics [3]
as _mm256_mask_add_epi32 (mask, ans, _mm256_setl_epi32 (1)), such that 1 is added to ans[i] for
source s; only if mask|[i] is True. Even with masked SIMD, Algorithm 2 (without shadowed part) is
however still incorrect for BFS. Below we give a counterexample as a proof.

Example 1: Consider Fig. 1(a), where we start BFS from two sources sy and s; via streamlined
vectorization, using Algorithm 2 without the shadowed part. Initially, ans: (0, +o0) of sy shows that
the BFS depth for ¢ (resp. s;1) is 0 (resp. +00); similarly for visited. At the end of round 1, v, and v3 are
signaled by their neighbor s and s; (line 19), respectively, which then update their ans and visited as
depicted in Fig. 1(b) via Apply in round 2. This however gives us incorrect visited for both v; and v5 as
highlighted in red in Fig. 1(b), which prevents v5.ans from being correctly updated to (2, 1) in round 3.
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Translation Unit I

| vertex data ‘ msg | Rule 1 l Gather I | Gather_Acc I l Apply I l Scatter I

\_bool
‘ visited ‘m params |params| |params| params
(e .9 (e )

T T T

l compnund stmt I l 7 d stmt I | 1p d stnt I | compound stmt I

(a) The root por't"ion of the annotated AST for Algoritk'lum 1.

Rule 5 T (msg_acc.track)

compound stmt

77777 / Rule7 I

msg_acc.track l [ changed | [ compound stmt |

Rule6 I; [=] I; [ call Signal

(b) Scatter portion of the annotated AST.

Fig. 2. Annotated AST of Algorithm 1 (dashed lines denote added edges during annotation)

The incorrect update in round 2 is caused by v; and v3 being treated as visited by both sources sy
and s, while in fact only s, visits v, and s; visits v3. Such a mistake in traversal logic occurs because
the streamlined vectorization (line 10 of Algorithm 2 without shadowed part) sets the SIMD mask
for both sources to True, forcing visited flipped to True for both sources by line 12. O

Example 1 shows that simply populating vertex properties and vectorizing operations can lead
to incorrect results. Worse still, vertex properties of v do not tell Apply which sources are visiting v
when it fires at v; similarly for other GAS functions. In fact, the correct multi-instance BFS derived
from Algorithm 1 should be the complete Algorithm 2 including the part shadowed in gray, which
is a far cry from a streamlined vectorization of Algorithm 1.

We remark that Bellman-Ford (Algorithm 4, Section 6) on unweight graphs could also compute
BFS depths, and warrants correct results with streamlined vectorization. This indicates that the cor-
rectness of streamlined vectorization is algorithm dependent, which adds to users’ confusion. More-
over, there are queries for which streamlined vectorization may not work at all. For instance, we are
not aware of any multi-instance Collaborative Filtering algorithm with streamlined vectorization.

Motivated by the delicacy of multi-instance GAS algorithms and tricky decision on streamlined
vectorization, we develop AutoMI, a framework to automate the conversion from single-instance
to vectorized multi-instance GAS algorithms (Section 3.2), and give a characterization (Section 5)
to aid the decision of whether streamlined vectorization can be used safely.

3.2 Automating Vectorization

To deal with the subtlety of writing correct and efficient multi-instance algorithms, we develop
AutoMI, a framework for converting a given single-instance GAS program (e.g., Algorithm 1) into a
provably correct multi-instance program (e.g., Algorithm 2) that directly runs on any GAS system.

The key idea is to (a) deduce the exact sources that are visiting v when a GAS function is invoked
in the presence of multiple sources, and (b) inject the information on-the-fly when vectorizing the
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Table 2. Annotation rules: each line on RHs of the rules denotes a node of the annotated AST with
T as the label if mark(T) is applied.

Rule 1 Message Structure
#define msg{..} = #define msg {...<bool> track}

Rules 2-5 Gather, Gather_Acc, Apply, Scatter Functions
Function Name (args...) Function Name (args ...)

=
stmt mark(T) stmt
Rule 6 Compound Statement
mark(¢) {stmty...stmt,} mark () stmt...
// € could be ‘T’ or new variable (rule 7) mark(¢) stmt,
Rule 7 IF Selection Statement
I; —¢NE
k
ma.r () if I; then mark(I;) stmt;
if E then stmt, =
If — (A
else stmty -

else mark(Ir) stmts

input GAS program. Moreover, both (a) and (b) have to be done without knowing the algorithm
logic or degrading the effectiveness and efficiency of the vectorized multi-instance computation.
To do this, AutoMI automatically deduces a “mask” vector called track to keep track of the
progress of all the sources and serve as the mask of vectorized (SIMD) operations on vertex
properties (recall masked SIMD from Section 3.1). It injects track into the vectorization process via
Scatter and automatically maintains it without assuming any knowledge of the algorithm logic.

Roadmap. AutoMI does the auto-conversion in two steps.

e Annotation step: it first parses the input GAS program as an abstract syntax tree (AST) and
then annotates the AST with a set of annotation rules in Table 2.

e Code-generation step: it then traverses the annotated AST and generates GAS code snippets
by populating data structures and vectorizing operations with masks interpreted from an-
notations of the AST, via code generation rules in Table 3. This gives us an executable GAS
program that correctly implements the multi-instance version of the input algorithm.

Step (1) AST annotation. AutoMI first obtains the AST representation of input GAS program
via a compiler front-end. Figure 2a shows the AST of Algorithm 1. The root of AST represents
the entire program, which has 6 children among which 2 encode the structure definitions, i.e.,
vertex properties and msg, and the other 4 encode the GAS functions. Each function node is also
the root of the AST of encoded function itself, which consists of arguments (‘params’ in Fig. 2a)
and compound statements that constitute the function body.

AutoMI annotates the AST by traversing it from the root and checking if any of the annotation
rules of Table 2 applies when it visits an AST node. The annotation rules either (a) attach a track
label to an AST node or (b) adjust the structure of the AST.

There are 7 annotation rules (Table 2). Rule 1 instructs AutoMI to add a new child node, a Boolean
member called track, to the msg node in AST. Rules 2-5 simply mark the body of the 4 GAS functions
with a designated label ‘T’ (via mark(T)). Rule 6 propagates ‘T’ into the statements in the GAS
functions. Rule 7 deals with If ... Else ... control flow, by adding two distinct variable names I; and
I to stmt, and stmity, respectively, as annotation labels. In the code-generation step next, I; and I £,
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together with ‘T, will be interpreted as the SIMD mask for vectorized operations. Note that in rule 6-
7, annotation label £ could be ‘T’ or new variable names introduced by annotation rule 7. Intuitively,
label T’ is recursively assigned to all nodes except control flow statements which is dealt by rule 7.

Example 2: We show how AutoMI annotates the AST of Algorithm 1. As shown in Fig. 2a, AutoMl
first extends the msg node with a child (track) via rule 1. It then annotates the body of all GAS
functions with T". It traverses the subtree of each GAS function body and propagates annotations
further down the AST. Figure 2b shows how AutoMI annotates the Scatter function. AutoMl
first propagates T’ to Scatter function body via rule 5. It then visits function body root, i.e., the
“compound stmt” node, and identifies that rule 6 applies and further visits the “if stmt” node, to
which rule 7 applies. According to rule 7, it adjusts the structure of AST as shown in Fig. 2b and
attaches the deduced labels to the children of “if stmt” (colored in brown). Note that for Scatter
of Algorithm 1, there is no stmty branch as also shown in Fig. 2b. a

Step (2) Vectorized code generation. AutoMI produces a multi-instance GAS program of the
input algorithm by conducting a depth-first traversal on the annotated AST, with code fragments
generated and pieced together from bottom-up. At each node, AutoMI assembles and completes
code fragments from child nodes, to form the code fragment of the current node. It returns the
code fragment of the root of AST as the complete multi-instance GAS program.

Upon visiting an AST node, AutoMI generates GAS code via Codegen, a function that takes as in-
put a (sub-)tree of the annotated AST rooted at the current node, and returns the corresponding GAS
program. In the process, Codegen interprets the annotation labels, i.e., T" or distinct variable names
(e.g., I;) introduced by the annotation of control flow, as SIMD masks for the vectorized operations.

Codegen is inductively defined by the code-generation rules in Table 3. It does the following.

Structure populating (rule 1 of Table 3). Assume we have k sources sy, ..., sg. Codegen first populates
each vertex property p into a k-size array p such that p[i](i € [1, k]) corresponds to property p
for source s;; similarly for Message structure msg.

In addition, Codegen adds a new variable called track, abool bitvec of length k, to the definition
of msg. It will be injected to the generated code by Codegen via masked SIMD, to automatically
keep track of traversal progress of all sources.

Track-guarded vectorization. With track, Codegen generates a complete GAS program from the
annotated AST, while warranting its correctness as a multi-instance version of the input algorithm.

(a) Rules 2-3: function generation. When AutoMI visits one of the 4 GAS function nodes, Codegen
simply combines the code fragments of its left (i.e., ‘params’) and right (i.e., function body ‘compound
stmt’) child nodes. Among them, it takes special case for Gather_Acc, to which it applies rule 2
that injects a statement to accumulate msg.track into msg_acc.track.

(b) Rule 4: vectorizing Scatter ‘Signal’. Codegen interprets ‘Signal’ by updating track in the msg with
¢ and signaling neighbors under the condition that at least one of the sources visits the current
vertex (via if £ # 0 then condition in rule 4). Note that £ could be ‘T” or new node (variable) names
introduced by annotation rule 7 of Table 2.

(c) Rules 5-7: track-guarded vectorization. Codegen interprets compound statements sub-trees of
AST via rules 5-7. It vectorizes statements by replacing logical and arithmetical operations over
vertex properties with their SIMD version masked by vectors derived from annotations of the AST
nodes, such that the vectorized operation only takes effect for sources of which the mask bit values
are True. The annotation ¢ can only be ‘T’ or a distinct variable I introduce by annotation rule 7.
Codegen interprets T’ as constant vector 1 in Gather and Gather_Acc, and as msg_acc.track in
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Table 3. Code-generation rules: LHS denotes an annotated AST node; RHS is the generated code.

Rule 1 Structure Definition (using msg as example)

Codegen ( #define msg{...
<bool> track})

#definemsg{...
bitvec<bool> track }

Rule 2 Gather_Acc Function Definition

Codegen (
Gather_Acc(args...)
mark(T) stmt

)

Gather_Acc(args...)
msg_acc.track « simd_0r(
msg_acc.track, msg.track)
Codegen( mark(T) stmt )

Rule 3 Gather, Apply, Scatter Function Definition
Codegen (
Function Name (args ...)
mark(T) stmt)

Function Name (args ...)
Codegen( mark(T) stmt )

Rule 4 Signal Function Call

Codegen ( if £ # 0 then
mark(¢) Signal(msg)) = msg.track « simd_Set (msg.track, £)
// € could be ‘T’ or new variable name from rule 7 Signal(msg)

Rule 5 Assignment Statement

Codegen ( mark(?) var <« e) var < simd_mask_Set (¢, var,e)
Codegen ( mark(¢) var < Op(ey) ) = var « simd_mask_0p(¢, e;)
Codegen ( mark(¢) var < e; Op ez ) var «— simd_mask_0p(?, e, e;)

Rule 6 Compound Statement
Codegen ( {Codegen( mark(¢) stmt; )
mark(?) stmty ... =

mark(¢) stmt, ) Codegen( mark(¢) stmt, )}

Rule 7 IF Selection Statement

Cod
° Iegzn[(/\ E Codegen(I; «— ¢ ANE)
L Codegen( mark(I;) stmt; )
if I; then mark(I;) stmt; = Codegen( Iy — £ A, )
Ir — A=, gent’r t

clse mark(Iy) stmty ) Codegen( mark(Iy) stmty )

Apply and Scatter. When ¢ is a distinct variable I, it uses I directly as a bitvec SIMD mask. When
the mask bitvec is literally 1, Codegen simply uses standard SIMD operation without mask.
When AutoMI converts a single-instance GAS A into multi-instance A,,, the rules together ensure
that A, always correctly deduces the exact sources visiting v via track, eliminating any incorrect
update of streamlined vectorization, e.g., as shown in Example 1. Indeed, (i) msg.track of A,, is always
assigned with bitvec £ that indicates which sources signal neighbors of v in the previous round.
(if) msg_acc.track ensures that v is activated by Scatter of A, only if there exists source s; such that
A starting from s; would signal v in the same round as A,, does, and msg_acc.track[i] is True at v.

Example 3: We show how AutoMI generates Algorithm 2 (with the shadowed part) from annotated
AST of BFS (Fig. 2). AutoMI first generates structure definition (line 1-2) via rule 1. It then synthesizes
function body by invoking Codegen at child nodes inductively. For the Scatter sub-tree in Fig. 2b,
AutoMI uses rule 3 to produce the corresponding Scatter function code, with function header
(line 14, inherited from ‘params’ subtree) and function body (line 15-19, derived via rule 6 from
‘compound stmt” subtree) generated inductively by following the structure of the annotated AST. O
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ALGORITHM 3: Multi-instance Boolean BFS (TrackFree)

1 #define vertex_data { bitvec <bool> ans };
2 #define msg { bitvec <bool> ans };

3 Function Gather (vertex u, edge (u, v), vertex v)
4 L return msg ;

5 Function Gather_Acc(vertex v, msg_acc, msg)
6 msg_acc.ans < simd_0Or (msg_acc.ans, msg.ans) ;
7 return msg_acc;

8 Function Apply(vertex v, msg_acc)
9 changed < simd_AndNot (v.ans, msg_acc.ans) ; // bitwise NOT of v.ans and then bitwise AND with msg_acc.ans

10 v.ans < simd_Or (v.ans, msg_acc.ans) ;

11 Function Scatter(vertex v)

12 if NoT simd_All_Zero (changed) then // if changed is True for some source
13 msg.ans < simd_Set (msg.ans, v.ans) ;
14 Signal (msg) ;

Theorem 1: Given a single-instance GAS program A , AutoMl always generates A, that is correct
as a multi-instance version of A. O

Proof sketch: We prove that, in each round for each vertex v, (a) A, correctly deduces the sources
visiting v via track, and (b) A,, correctly updates vertex properties of v for each of these sources.
Here (a) follows directly from the property of code-generation rules. We prove (b) by showing, via
induction on the program structure of A, that when a rule of Table 3 is employed for the induction
step, it correctly synthesizes code generated for sub-structures of A. For brevity, we show that rule
7 of Table 3 is correct; other rules are similar. Suppose annotation label ¢ indicates sources that
are visiting vertex v. Observe that stmt; branch is executed by A,,, masked by I;, which is effective
only for sources that are visiting v and satisfies the if condition (E); similarly for stmt branch. As a
result, A, synthesized by rule 7 is correct as long as stmt; and stmts are generated correctly, which
is confirmed by the induction hypothesis. a

Remark. Theorem 1 assumes that GAS functions do not contain loops. That said, one can extend its
coverage by adding rules in AutoMI to support other control flow statements e.g., for and while loops,
while still assuring the correctness of Theorem 1. We remark that for and while loops are rarely
used in GAS programs, which are essentially local functions running concurrently on each vertex.

4 TRACK-FREE VECTORIZATION

We have seen that track-guarded vectorization warrants the correctness of AutoMI for populating
GAS algorithms. In this section, we show that there exist GAS programs, referred to as TrackFree
algorithms, that can be converted using streamlined vectorization, without track. Below we describe
TrackFree and see how it fits into AutoMI to populate significantly simpler and faster GAS programs.

Example 4: Consider a variant of Algorithm 1 for Boolean BFS which returns, for each vertex v,
if v is reachable from the source via a BFS traversal. It maintains only a boolean vertex property
ans such that v.ans is True if v is reachable; initially, v.ans is True if v is the source and is False
otherwise. At each vertex v, Gather pulls ans of all inward neighbors and Gather_Acc accumulates
ans into msg_acc via logical Vv, such that msg_acc is True if ans of one of its neighbors is True.
Apply then updates v.ans with v.ans V msg_acc, and records in changed if v.ans is changed: it sets
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changed to True if msg_acc.ans A —w.ans is True. Finally, Scatter signals outward neighbors of v
if changed is True, with v.ans as the signal msg.

A direct vectorization of Boolean BFS would give us Algorithm 3 (vectorized operations are
colored in blue). One can verify that Algorithm 3 is a correct multi-instance Boolean BFS algorithm,
and is simpler than the one that AutoMI would generate using track. O

TrackFree algorithms. As illustrated in Example 4, there are GAS algorithms that can be populated
into their multi-instance version without the need of deducing and injecting track as the mask of
vectorized (SIMD) operations on vertex properties.

Consider GAS algorithm A. Let A, be the multi-instance program generated by AutoMl as in
Section 3.2, using all rules of Tables 2 and 3. Let A'F be the version deduced by AutoMI with

e (annotation phase) rule 1 of Table 2 disabled; and

e (code generation phase) rule 1 of Table 3 disabled, steps containing track (line 2 on rHS) of
rules 2 and 4 removed, and ‘T’ replaced with 1 in all rules of Table 3.

Intuitively, when AutoMI operates with these changes, it generates AT as streamlined vectorized
version of A, without using track. Algorithm A is TrackFree if A,, and ATF return the same answer
over the same input: given any graph G and set S of sources vertices, the answer computed by A,,
for each source s € S is the same as that by AIF. That is, A]T is also a multi-instance version of A.

Benefits. When A is TrackFree, AutoMI generates ATF instead of A,, as the multi-instance version
of A. Compared to A,,, the TrackFree version A!T has two main advantages:

Simpler code. AF is much simpler than A,, as it is streamlined vectorization of A with each operation
over vertex properties replaced with their vectorized version without track, as if all sources visit v
when GAS functions fire at v. For instance, Algorithm 3 is exactly the TrackFree multi-instance
Boolean BFS that AutoMI would generate with the above optimization. Comparing to Algorithm 2
and for Integer BFS (Algorithm 1), the changes highlighted in Algorithm 3 are much more regular.

Higher performance. A]F is more efficient than A,, due to (a) better exploitation of vectorization, i.e.,
SIMD without mask, and (b) no need of deducing track, which can be a significant overhead in par-
ticular for GAS algorithms with lightweight Apply functions. As we will see in Section 7, TrackFree
multi-instance Boolean BFS improves Boolean BFS over PowerLyra [20], a popular GAS system, by
14.82 to 27.83 times while the speedup with the standard multi-instance version without TrackFree
is 6.71 to 13.64 times. That is, TrackFree improves multi-instance Boolean BFS by over 2 times.

5 AN ALGEBRAIC CHARACTERIZATION

While Section 4 has shown that TrackFree is effective in improving the performance of multi-
instance GAS algorithms and greatly simplifying their programs, it does not tell us when TrackFree
can apply. To address this, we develop a formal characterization below.

We first show how to recast a GAS algorithm A into an algebra expression ea (Section 5.1). We
then reduce the decision of TrackFree to checking if es has a form of idempotence (Section 5.2).

5.1 An Algebra for GAS Algorithms

Algebra. To assist with the decision of TrackFree, we cast GAS in an extension of linear algebra.
Syntax. We consider algebra expressions defined by grammar:
e[Xans] =V | el | es+e; | er-ex | fler,....e) | ek[X1,---,Xj](€1,~--€j)

where V, x € V are matrix variables. Expression e builds one or multiple matrices from the variables
via matrix transpose (e ), matrix addition (e;+e;), matrix multiplication (e; -e,), pointwise application
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of function f to elements of ey, ..., ¢;, and iteration e that applies e to matrices e;, ..., ¢; repeatedly
for k times (k can also be c0). Here pointwise function f : N' — N uses addition ® and multiplication
® of a semiring of choice to combine elements of i matrices. For graph algorithms, we only need
to consider square matrices and vectors: each variable in V is either a square matrix of type (n, n),
a vector of type (n, 1) or a scalar of type (1, 1), where n is the number of vertices of the graph.
We consider well-typed expressions. For example, for matrix-vector multiplication V - x, V is of

type (n,n) and x has type (n, 1). For pointwise function f(ey, ..., e;) to make sense, ey, ..., e; must
have the same type, e.g., all are (n, n) matrices or (n, 1) vectors.

For ek[xl, ....Xj](e1,...,e;), each e;(i € [1, j]) is defined over the j variables x4, ..., X;; more-
over, the type of (the output of) e; is the same as that of x;. We restrict that ey, ..., e; do not contain

ek as a sub-expression to avoid unnecessary recursion for GAS programs.

Semantics. Consider a valuation function v that maps each matrix variable to a matrix or vector
of appropriate type. For GAS algorithms, this will be either the adjacent matrix A of the graph or
the default values of vertex properties set during initialization. For a well-typed e, the matrix v(e)
obtained by evaluating e with v is constructed by following the semantics of each operation of e.
Of particular interest are e := f(ey,...,e;) and e [xy, .. .»Xj](ey, ..., ej). Specifically, v(es)
returns a matrix or vector of the same type as e;, with values computed through elementwise
operations specified by f. Further, v(e¥) allows iterative update on the j matrices computed by e;,
..., e; for k rounds; in round r, it takes the output of ey, ..., e; in round r — 1 as values for x;, ..., X},
respectively, and evaluate e (i.e., e, ..., e;) with them. Note that each e; may use multiple or even all
variables X1, ..., x;. In particular, e™ iterates as such until the output of e;, ..., e; stays unchanged.
The result of e[x,ns] is the value of x,,s when evaluating e with v.

Remark. We remark that the extended algebra resembles for-MATLANG [23] and the widely studied
semiring frameworks in formality to express the vertex property update logic in GAS programs.
However, it serves a very different purpose. As will be shown below, by extending linear algebra with
“restricted recursion” (e¥[xy, ..., x i1(e1, ..., e;)), we can explicitly express the iterative execution
of GAS programs, which provides a means for characterizing their TrackFree property. This is in
contrast to existing semiring frameworks that model and generalize query semantics. For instance,
Mohri [42] uses semirings to generalize the distance function of shrotest-distance queries, and
Khamis et al. [13] generalizes datalog to Datalog® with partially ordered pre-semiring structures.

Recasting GAS programs. Given a single instance GAS algorithm A, we derive the following:

@ ea[Xans] = €7 [xy,.. ., Xp]
Oe[xi,....Xp] = (er,...,¢p)
@ 64 := signal logic in the Scatter function

Here part @ is to declare matrix (vector) variables for all the vertex properties defined in the pre-
amble of A. The critical step is part @, which recasts the Apply function logic in the algebra. In partic-
ular, each e; expresses how Apply updates the vertex property encoded by x; in each round. To sim-
plify the process, we account for active vertices only and derive e; by assuming all vertices are active.

Part @ captures how A activates vertices in Scatter. Specifically, 4 expresses the condition
under which an active vertex would signal its neighbors for the next round. It returns a boolean
vector such that 4 [0] is True if v should signal its neighbors in Scatter and is False otherwise.

Example 5: [Recasting Integer BFS] We show how to recast Algorithm 1 for BFS. Following its
preamble, we use Xans and Xyisited to encode vertex properties ans and visited, respectively. Part @ is:

k
eigFs [Xans] = €" [Xans, Xvisited ] (€ans €visited) -
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We next derive e from Apply. For an active vertex v, v.ans (Xans[v]) value is unchanged if
v.visited (Xyisited [0]) 1s True, otherwise it is set to the aggregated message msg_acc at v (lines 9-
10, Algorithm 1). Hence, the value of xans[v] after executing Apply once can be written as
Xyisited [0]Xans [0] + (1 — Xyisited [0] )Msg_acc[v]. Treating all vertices as active, one can simply “vec-
torize” this into eans[Xans] := f (Xvisited> Xans, 1 — Xyisiteds MSE_acc), where f is pointwise function:

fl,y,z,w) = (x Ay) V (z Aw).

Further, from lines 6 and 15, we see that msg_acc of all vertices is computed by AT - x.ns, where
A is the adjacent matrix of graph G and A7 - x4, uses tropical semiring with Min for & (line 6) and
+ for ® (line 15). Similarly, we can derive eysiteq- This gives us part @:

e[Xans, Xvisited] = (f(Xvisiteds Xans> 1 — Xyisited> MSg_acc), 1)
msg_acc = AT -xans

Here 0 (resp. 1) is a boolean vector of all False (resp. True).

For part @, observe that lines 14, 16 show that vertex v signals its neighbors if changed is True.
Thus, we have digrs := changed. O

5.2 Deciding TrackFree via Algebra Idempotence

We next develop a characterization of TrackFree by analyzing the algebraic representation e, of the
GAS programs A of Section 5.1. Below we first present our main result, two semantic idempotence
properties of es for TrackFree to hold for A. We then prove its correctness by connecting idem-
potence with algebra equivalence, a semantic characterization that is further reduced to TrackFree.

Semantic idempotence. We define two idempotent properties.

Active idempotence. Let Agsg_acc be the value of accumulated message. Active idempotence specifies
that repeatedly applying the Apply function with the same accumulated message value would not
change the value of vertex properties. That is:

e[xy,..., xp] </1msg_acc> =ele[xy,..., Xp] <Amsg_acc>] (Amsg_acc>
Here e[xy,...,Xp]{Ansg_acc) is to explicitly specify that Apply uses Ansg_acc as the accumulated
message msg_acc. As shown in Example 5, Ansg_acc is deduced from vertex properties in the previous
round, e.g., AT - Xans for BFS. To show that the repeated application of e uses the same msg_acc, we
add Apsg_acc as a parameter to e.

Inactive idempotence. Let ansg_acc be the msg_acc value of vertices that have no source vertices as
their neighbors. That is, dnsg_acc is the msg_acc value determined by the initialized vertex properties
of non-source vertices. Inactive idempotence requires that applying the Apply logic with ansg_acc
does not change vertex properties. Putting in algebraic expression, this is expressed as:

(B ST Xp] =e[xy,..., Xp] (Qnsg_acc)

Intuitively, active idempotence assures that repeated invocations of Apply with the same msg_acc
value would not make a difference. Inactive idempotence ensures that invoking Apply on inactive
vertices would not alter vertex properties either. When the properties holds for ea, we say that
ea is both active and inactive idempotent.

Recall that the signal logic in the Scatter function is encoded by dx. We say that 8 is regular
if da is either (a) 1, i.e, always signal neighbors of active vertices, or (b) changed, i.e., signal the
neighbors of v only if vertex properties of v are updated in the current round (i.e., changed of v is
True). Then we have the following.

Theorem 2: For any GAS algorithm A, if (a) ea is both active and inactive idempotent, and (b) da is
regular, then A is TrackFree. O
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Example 6: Continuing Example 5. First observe that Jigrs in part @ is regular as it satisfies
condition (b) above. However, part @ e of ejgfs is active idempotent, but not inactive idempo-
tent. To see ejgrs is active idempotent, observe that for any Apsg_acc, We have e[e[Xans, Xvisited]
(Ansg_ace)]{Amsg_acc) = €[Xans, Xvisited ] (Amsg_acc) since the first application of e sets Xyisited to True
and prevents any repeated applications from changing vertex properties Xans and Xyisited- 0 see eigrs
is not inactive idempotent, observe that e[Xans, Xvisited] {@nsg_acc) = (Xvisited * Xans + (1 — Xyisited) *
Onsg_acc> 1), regardless of what apsg_acc is used, e always sets Xyisited to True which is however False
initially for non-source vertices. This is consistent with Section 3 that Algorithm 1 is not TrackFree.

[Boolean BFS] Recall Boolean BFS in Example 4. Recast in algebra:

eprs[Xans] = eans[Xans]
eans[Xans] = Xans ®msg_acc
msg_acc = AT - xans
dpers = changed

Here @ is logical or (V) and AT - x4, uses boolean semiring.

To see epprs is active idempotent, observe that for any Ansg_acc, We have eans [ €ans [Xans ] (Ansg_acc) ]
</Imsg_acc> = (Xans V Amsg_acc) 4 )Lmsg_acc = XansV/Ims,g_acc = €ans [Xans]<lmsg_acc>~ To see epprs is
inactive idempotent, note that the initialized msg_acc value dpsg_acc is False. As a result, we have
that epgrs [Xans] {Omsg_acc) = Xans V False = Xans. That is, epgrs is also inactive idempotent. Note that
Spars is regular, by Theorem 2 we know that Boolean BFS is TrackFree.

This confirms Example 4 that Algorithm 3 is indeed a correct multi-instance Boolean BFS, de-
duced by AutoMI with TrackFree. There are also cases where an algorithm is inactive idempotent
but not active idempotent. As an example, if we set @ to logical XOR in eans [Xans] := Xans ®Msg_acc
of Boolean BFS expression above, then it becomes inactive idempotent but not active idempotent,
contrary to Integer BFS in Example 6. Indeed, it is inactive idempotent because ezns [Xans]{nsg_acc)
= Xans XOR False = x4ns. However, it is not active idempotent: note that if Ansg_acc is True and Xans
is 0, we have eans[Xans]{(Ansg_acc) = 1, meanwhile eans [ €ans [Xans | {(Ansg_acc) | {Ansg_acc) = 0. o

Proof of Theorem 2. We prove Theorem 2 in two steps. (1) We first develop a characterization of
TrackFree by bridging TrackFree of A and the equivalence between ea and a expression e}, derived
from ea. (2) We then show that conditions of Theorem 2 warrant equivalence between ea and ej,.

Step 1: characterization of TrackFree . Recall that when we recast A into the ea in Section 5.1, we
treat all vertices as active to focus on only the Apply logic that updates each vertex property, while
using 4 to abstract the signal logic. We next construct an expression e} that combines es and d5
so as to precisely express A. The idea is to add a condition to each sub-expression that updates a
vertex property, e.g., Xans ® msg_acc for x,ns in Example 6 for Boolean BFS. The condition, encoded
by a new expression act(8a, t), is defined as g(AT - 8, AT - t), where g is a pointwise function
g(x,y) = x Ay and t is a boolean vector such that t[v] is True if vertex v is source and is False
otherwise. We then use act to condition each sub-expression ey of es that updates vertex property
x, such that ex only updates x for vertices that are active by A. It does this by replacing ey with
f(1—act(da,t), x, act(a, t), ex) (recall function f from Example 5).

’

Example 7: Recall epgrs for Boolean BFS in Example 6. We derive € BES

from epprs (changes in blue):

el’)BFS[Xa”S] = (€4ns) ™ [Xans, t]
€ans [Xans, t] := (f(1 — act(SpBFs, t), Xans, act(SppFs, t), Xans ® msg_acc), act(SppFs, t))
msg_acc := AT - Xans
dpers = changed
act(Spprs. t) = g(AT -t AT - Sygps) U

Proc. ACM Manag. Data, Vol. 2, No. 6 (SIGMOD), Article 254. Publication date: December 2024.



Automating Vectorized Distributed Graph Computation 254:17

Consider GAS algorithm A and its recast algebra expression e := e™. Let e}, := (e’)* be the
expression derived from e as described above. We say that e and e}, are equivalent, denoted by
ea = e}, if for any graph G (its adjacent matrix A), the evaluation results of es and e} over A are
the same. The case for es := e¥ for some number k is similar. Then we have the following.

Lemma 3: For any GAS algorithm A, ifea = e}, then A is TrackFree. O

Proof sketch: To prove Lemma 3, we first present the following result. Let A, be another GAS
algorithm that is identical to A except that Ay signals all vertices in Scatter for each round. Then:

Proposition 4: For any GAS algorithm A, A, is TrackFree. a

We then show that e} equivalently expresses A. Indeed, first observe that t updated by act(da, t)
exactly identifies which vertices are active in each round: act(Ja, t) returns True for a vertex v iff
there exists a neighbor u that (i) is active in the previous round (via AT - t) and (ii) signals v in
Scatter (via AT - §4). Hence, by its construction, e, exactly captures A. Further observe that ey
equivalently expresses A, as it follows the vertex update logic of A but treats all vertices as active.
Hence, if es = €, then A is equivalent to Ay By Proposition 4, A must also be TrackFree. O

Step 2: idempotence = equivalence. While Lemma 3 tells us that TrackFree of A can be decided by
analyzing the equivalence of e and e}, the latter, however, is not straightforward either. To this

end, we show that the condition in Theorem 2 suffices to warrant the equivalence of es and el’,‘.

Lemma 5: For any GAS algorithm A, if S5 is regular and ep is both active and inactive idempotent,
thenea =€) . O

Proof sketch. We prove a stronger result: when d4 is regular and e is active and inactive idempotent,
the values of vertex properties computed by ea and e}, in each round are identical. We show this by
induction on the total number of rounds that ea takes to converge. The crux is to show that es and
e, make the same changes to all vertex properties when the d4 is regular and e, is idempotent. O

Putting Lemma 3 and Lemma 5 together, we complete the proof of Theorem 2. As will be
shown shortly in Section 6, Theorem 2 enables us to syntactically check if our single-instance GAS
algorithm can be automatically populated with TrackFree enabled.

Remark. Theorem 2 provides a sufficient condition for TrackFree; however, it is not necessary. As
an example, consider a variant A of Boolean BFS (Algorithm 3) that additionally maintains visited
of Integer BFS (Algorithm 1) as a “dummy” vertex property that is not used elsewhere. In algebra,

ealXans] = € [Xans: Xyisited] (€ans: evisited)
e[Xans, Xyisited] = (Xans ® msg_acc, 1)
msg_acc = AT xans
da = changed

Intuitively, es inherits epgrs from Boolean BFS (Example 6) but includes Xy;sited from Integer BFS
(Example 5). Note that A is TrackFree as Xans in ea effectively resembles x,ns in epprs, independent
of Xyisited- However, due to Xyisited, €A is not inactive idempotent for the same reason that e;grs is not.

6 APPLICATIONS

In this section, we demonstrate how AutoMI generates multi-instance version of common graph
algorithms. We have already seen Integer BFS and Boolean BFS; below we focus on shortest path
(SSSP), greedy graph coloring, and advanced graph analytical algorithms.

SSSP. Single-source shortest path (SSSP) returns, for each vertex v, the shortest distance from the
source vertex to v. AutoMI| generates multi-instance SSSP from the GAS implementation of the
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ALGORITHM 4: AutoMI generated multi-instance Bellman-Ford (SSSP)

1 #define vertex_data { array <int> ans };
2 #define msg { array <int>ans};

3 Function Gather (vertex u, edge (u, v), vertex v)
4 msg.ans < simd_Add (msg.ans, w(u,v));
5 return msg ;

¢ Function Gather_Acc(vertex v, msg_acc, msg)
7 msg_acc.ans < simd_Min (msg_acc.ans, msg.ans) ;
8 return msg_acc;

9 Function Apply(vertex v, msg_acc)

10 mask < simd_CmpGt (v.ans, msg_acc.ans) ;
11 v.ans < simd_mask_Set (mask, v.ans, msg_acc.ans) ;
12 changed < simd_mask_Set (mask, changed, 1) ;

13 Function Scatter (vertex v)

14 if NoT simd_A11l_Zero (changed) then // if changed is True for some source
15 msg.ans < simd_Set (msg.ans, v.ans) ;
16 Signal (msg) ; // activates v’s outward neighbors

classic Bellman-Ford algorithm [24] with TrackFree enabled, as shown in Algorithm 4. It maintains
an integer vertex property ans that stores the tentative shortest distances of a vertex from all the
sources; initially, v.ans[i] is +o0 if v is not source s; and is 0 otherwise.

For an active vertex v, Gather pulls msg (ans) from each inward neighbor u and increments it
with edge weight w(u,v) (line 4); their minimum is then assigned to msg_acc by Gather_Acc, by
aggregating with Min (line 7). Then Apply checks if v.ans is greater than msg_acc (line 10); if so, it
sets v.ans to msg_acc (line 11) and marks v.ans as changed (line 12). In Scatter function, vertex v
signals its neighbors with v.ans (lines 15-16) only if v.ans is updated in the current round (line 14).

We next justify why AutoMI populates SSSP with TrackFree. By “devectorizing” operations of
Algorithm 4 (in blue), one can readily see the single-instance SSSP in GAS, which recast in algebra is:

esssp[Xans] = egns[Xans]
eans[Xans] = Xans ® msg_acc
msg_acc = AT -xans
5555p = Changed

where AT is the transposed adjacency matrix of weighted graph G and AT - x5 uses tropical
semiring with Min for @ and + for ®. SSSP is TrackFree since dsssp is regular and esssp is both
active and inactive idempotent. To see esssp is active idempotent, observe that for any Ansg_acc, we
have eans[€ans [Xans | {Ansg_acc) | {Ansg_acc) = Min(Min(Xans, Ansg_acc)> Ansg_acc) = Min(Xans, Ansg_acc)
which is equal to eans [Xans] {Ansg_acc)- To see esssp is inactive idempotent, observe that the initial-
ized msg_acc value apsg_acc is +00. As a result, esssp[Xans ] {(@nsg_acc) = Min(Xans, +00) = Xans. By
Theorem 2, SSSP is TrackFree and hence Algorithm 4 is correct.

Greedy graph coloring. Given a graph G and a source vertex s with some color ¢, a graph coloring
of G w.rt. s is an assignment of colors to all remaining vertices such that no two adjacent vertices
in G share the same color, with the objective to minimize the number of colors used. Given k
sources, multi-instance graph coloring is to find k independent graph colorings, each for a source.
We consider greedy graph coloring (GC) [24], a vertex-centric algorithm that iteratively assigns
minimum color not used by neighbors to active vertices, with the color state encoded as a bitvec
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ALGORITHM 5: AutoMI generated multi-instance Greedy Graph Coloring

1 #define vertex_data { array <bitvec> ans};
2 #define msg { array <bitvec> ans};

3 Function Gather (vertex u, edge (u, v), vertex v)
4 L return msg ;

5 Function Gather_Acc(vertex v, msg_acc, msg)
6 msg_acc.ans < simd_0Or (msg_acc.ans, msg.ans) ; // agg neighbors’ colors
7 return msg_acc;

s Function Apply (vertex v, msg_acc)

9 mask1 < simd_CmpNeq (msg_acc.ans, 0) ; // filter neighbors already colored
10 temp « simd_mask_Add (maskl, msg_acc.ans, 1) ;

11 ¢ « simd_mask_AndNot (maskl, temp, msg_acc.ans) ; // min. avail. color
12 mask2 < simd_mask_CmpNeq (mask1, v.ans, c) ; // sources for new v’s color
13 v.ans < simd_mask_Set (mask2, v.ans, c) ; // update v’s color
14 changed < simd_mask_Set (mask2, changed, 1) ; // update changed

15 Function Scatter(vertex v)

16 if NOoT simd_All_Zero (changed) then // if changed is True for some source
17 msg.ans < simd_Set (msg.ans, v.ans) ; // send out v’s color for next rd.
18 Signal (msg) ; // activates v’s outward neighbors & send out msg

array [22] ans for each v such that the i-th bit of ans|[j] is 1 if v is assigned with color i for source
sj (assume colors are indexed by integers starting from 1).

AutoMI generates multi-instance GC (Algorithm 5) from the classic GAS GC [24] with TrackFree.
For an active vertex v, Apply checks if the color state aggregated from neighbors indicates no color
has been assigned (i.e., 0, line 9), computes the minimum color ¢ available through bitwise operation
(lines 10-11), updates the color state v.ans with ¢ using masked SIMD (lines 12-14). Note that v.ans
is changed only if aggregated msg_acc.ans is not 0 and v.ans is different from c. The message
pulled by active vertex v from neighbor u in Gather (line 4) carries the color state of u assigned in
previous round by Scatter (line 17), aggregated via bitwise OR operation in Gather _Acc (line 6).

To see why AutoMI enables TrackFree, recast GC in algebra as:

egclxans] =  eghs[Xans]
eans[Xans] = h(Xans, msg_acc)
msg_acc = AT . Xans
dgc := changed

AT - x,s uses bitwise oR for @ and x for ®. Pointwise function h encodes the color state update
logic in the Apply function: A(x,y) = (y == 0) Xx+ (1 - (y == 0)) X ((y+ 1)& ~ y), which returns
x ifyis 0 and (y + 1)& ~ y otherwise. Here, & is bitwise AND operation, ~ is bitwise NOT operation.

We next justify why AutoMI populates GC with TrackFree. First, egc is active idempotent. Indeed,
observe that for any Anysg_acc as the bitvec representing the color state aggregated from neighbors,
(a) if Amsg_acc = 0, we have eans[Xans] </1msg_acc> = Xans and eans[€ans [Xans] (Amsg_acc” </1msg_acc> =
€ans [Xans] {Amsg_acc) = Xans; (b) if Ansg_acc # 0, let ¢ be the available minimum color, eans [Xans ] {Ansg_acc)
= ¢ and eans [ €ans [Xans] {Ansg_ace) | {Ansg_acc) = ¢. To see egc is inactive idempotent, we observe that
initially non-source vertex has no color assigned, i.e., the initialized msg_acc value apsg_acc = 0. As
a result, egc [Xans](msg_acc) = Xans- That is, e is also inactive idempotent. Since dgc := changed
is regular, by Theorem 2 we know that GC [24] is TrackFree.
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Table 4. Real-life data graphs

Graph #vertices |V|  #edges |E|
LiveJournal [5] 4,847,571 68,993,773
Twitter [11] 41,652,230  1,468,365,182
Friendster [1] 68,349,466  2,586,147,869
UKDomain [12] 105,153,952  3,301,876,564
MovieLens [6] 165,771 20,000,263
Netflix [8] 497,959 100,480,507

Advanced graph analytics. AutoMI also generates multi-instance version of advanced graph
analytics, including Sparse Matrix-Vector multiplication (SpMV), Personalized PageRank (PPR),
and Collaborative Filtering (CF). We follow [21, 32, 34, 49, 53] to reduce SpMV to a graph traversal
problem; similarly for PPR as an extension of SpMV. CF uses Stochastic Gradient Descent [31] to
iteratively update latent factors of vertices being visited, starting from a source.

Both SpMV and PPR are TrackFree by Theorem 2 and hence AutoMI generates their multi-
instance version with TrackFree, while CF is not TrackFree. We omit the details; however, we
implement and evaluate their performance in Section 7.

7 EXPERIMENTAL STUDY

Using real-life and synthetic graphs, we evaluated the performance of multi-instance GAS algo-
rithms produced by AutoMI. We first specify the setup (Section 7.1), then give the evaluation results
(Sections 7.2-7.4) and finally summarize our findings (Section 7.5).

7.1 System Implementation and Experimental Setup

System. AutoMI uses libclang [4] to parse single-instance GAS program C++ source code into
an abstract syntax tree (AST) and traverse the AST with cursors. It performs auto-conversion
in two steps as described in Section 3.2, ie., AST annotation and vectorized code generation.
AutoMI produces vectorized multi-instance GAS algorithm in C++, with TrackFree enabled when
it was applicable according to the analysis Sections 4-5. It also implements serialization methods
for the populated data structures (vertex properties), including track, which are needed by GAS
systems for message passing. GAS programs generated by AutoMI run on popular GAS systems, e.g.,
PowerGraph [24] and PowerLyra [20]. By default, AutoMI uses PowerLyra to run the converted
GAS programs as it is more current; however, we remark that AutoMl is generic and portable, and
can be deployed on any standard GAS systems.

To support SIMD vectorization, AutoMI uses aligned memory layout. It populates each vertex
property by collocating values for k sources into a k-size array. Using this data layout enhances
spatial locality in its multi-instance GAS programs. To utilize Intel SIMD intrinsics [3] for vectorized
code generation, AutoM| maintains a mapping from logical and arithmetical operators to their
corresponding SIMD intrinsics. If a data type or associated operator is not found in the mapping,
AutoMI generates “abstract” SIMD operators to support vectorization. For instance, it vectorizes
bitvec (e.g., Algorithm 5) into array of bitvec and overloads the classic SIMD operators accordingly,
such that SIMD intrinsics are applied iteratively over the array, processing 256 bits each time.

Compared systems. We compared the performance of AutoMI populated multi-instance GAS algo-
rithms with the following methods.

(a) PowerLyra [20]. A popular GAS system for distributed graph processing, which improves upon
PowerGraph [24] via its hybrid graph partitioning method. We used its open-source implementation
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Table 5. Average speedup of all methods over PowerLyra; X marks algorithms not available

system | bBFS | iBFS | SSSP | GC | SpMV | PPR | CF
PowerLyra [20] 1 1 1 1 1 1 1
Quegel [59, 64] 2.32x 2.25% 1.77x X X X X
MultiLyra [40] 6.07x 5.53x | 5.16x X X X X
AutoMI 14.82x | 9.51x | 14.09x | 6.37x | 7.79x | 8.21x | 3.78x

from [9]. To compute answers for multiple source vertices, PowerLyra invokes a single-instance
GAS algorithm for each of the sources one by one, each time using all the working threads.

(b) MultiLyra [40]. A generalization of PowerlLyra system that supports batched evaluation of
multiple query instances. We used its built-in multi-instance algorithms implemented by the authors.

(c) Quegel [59, 64]. A distributed graph system for batched query processing, with Pregel’s vertex-
centric programming interface. We used its implementation from [10]. While Quegel is designed
for point-to-point queries, we adapted its vertex-centric programs to evaluate point-to-all queries.

Since AutoMI, PowerLyra and MultiLyra employ the same GAS engine (i.e., PowerLyra) to
execute vertex-centric computation, the evaluation could accurately reflect and fairly compare
the quality of (a) serial evaluation of multi-instance algorithms by PowerLyra, (b) handcrafted
optimized implementation of multi-instance algorithms with MultiLyra, and (c) the multi-instance
GAS program generated by AutoMI, excluding the noise of vertex-centric engines. We also compared
AutoMI with Quegel’s batching technique for processing multiple query instances, to evaluate the
effectiveness of vectorization for multi-instance computation in general.

Algorithms. We tested the performance of Integer BFS (iBFS), Boolean BFS (bBFS) and shortest
path (SSSP) using all four systems, and evaluated Greedy Graph Coloring (GC), SpMV, PPR and
Collaborative Filtering (CF) with AutoMI and PowerLyra only, as they are not available in MultiLyra
and Quegel. For MultiLyra, we use the implementation of multi-instance BFS and SSSP from its
authors. AutoMI uses the multi-instance GAS programs it generated as described in Sections 3-6,
which are then evaluated on PowerLyra.

Graphs. We used 6 real-life graphs of varying sizes (Table 4), among which MovieLens and
Netflix are bipartite graphs for collaborative filtering (CF). For the other 4 graphs, following
[37, 52], we generated edge weights between [1, log |V|) uniformly at random.

Queries. Following [54, 61], we randomly sampled a seed vertex and run a BFS starting from the
seed vertex to get k source vertices as queries in data graphs. We generated 5 sets of queries for
each data graph by varying k from 16, 32, 64, 128 to 256. In each test, we used the same source
vertices as input for all compared methods. To reduce noise, we sampled three such seed vertices
and generated three groups of queries for each data graph; the average is reported.

Configuration. The experiments were run on a cluster of four ré6i.8xlarge AWS EC2 instances,
interconnected by a 12.5 Gbps network. Each EC2 instance has 32 vCPUs and 256 GB of memory.
Each experiment was run 3 times; the average is reported. For a fair comparison, we used the same
GAS system configurations and hybrid graph partitioning for AutoMI, PowerLyra and MultiLyra.

7.2 Overall Performance

Varying the number k of sources from 16 to 256, we tested the run time of all methods over all the
graphs. The results are depicted in Figures 3-4 and Table 5, and tell us the following.

(1) AutoMI is effective, and is consistently the best among all for each and every case tested. As
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Fig. 3. Running time of all methods with varying number (k) of queries (Section 7.2)

shown in Table 5, multi-instance GAS programs produced by AutoMI significantly outperform the
serial evaluation by PowerLyra, highly optimized MultiLyra code and Quegel batch evaluation for
all cases. It is up to 27.83x, 16.42x, 29.51x, 9.84x, 10.26x, 10.65x and 6.17x faster than PowerLyra for
bBFS, iBFS, SSSP, GC, SpMV, PPR and CF, respectively. Compared to MultiLyra and Quegel, AutoMl
is up to 3.82x and 26.35x faster for bBFS, 2.57x and 7.12x for iBFS, 4.63x and 23.01x for SSSP.
The improvement over MultiLyra is due to the use of vectorization in AutoMI converted pro-
grams, which MultiLyra does not capitalize on. This further justifies the value of vectorization and
its associated challenges that AutoMI has relieved from developers. We observe that Quegel is outpe-
fromed by AutoMI and MultiLyra. This is because Quegel does not integrate messages across query
instances, missing out on the opportunity to amortize communication cost. In addition, Quegel
does not use SIMD vectorization, which is shown to significantly improve performance in AutoMI.

(2) The speedup of AutoMI over PowerLyra, MultiLyra and Quegel increases when more queries
(sources) are used. As shown in Fig. 3¢, AutoMI Boolean BFS is 6.17x, 1.85x and 2.71x faster than
PowerLyra, MultiLyra and Quegel with 16 queries over Friendster, respectively, up to 23.74x,
3.56x and 19.55x with 256 queries; similarly for other algorithms and graphs. Quegel’s performance
drops when more queries are used. The per-query amortized runtime of Quegel bBFS is 8.79s with 16
queries over Friendster, while this increases to 10.06s with 256 queries. This is in consistent with
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[59], which states that Quegel’s batching technique is designed for point-to-point queries that access
a small portion of graphs, and is not optimized for larger number of concurrent query instances.

(3) AutoMI is more effective for TrackFree algorithms. For instance, over LiveJournal, for the
TrackFree SSSP, AutoMI is on average 21.65x and 2.83x faster than PowerLyra and MultiLyra,
respectively, compared to 14.23x and 1.59x for iBFS that is not TrackFree.

7.3 Breakdown

To understand how AutoMI gains its speedups, we further evaluated the effectiveness of AutoMl
vectorization and TrackFree optimization, by examining its run time breakdown and the total
number of messages (#comms) collected at runtime. The results for SSSP over UKDomain with 256
queries are shown in Table 6; here AutoMI (w/o TF) denotes AutoMI with TrackFree disabled.
Observe that multi-instance methods (MultiLyra, AutoMI (w/o TF) and AutoMI) significantly
reduce #comms and speed up the run time of each phase over PowerLyra; AutoMl is the fastest of all.

SIMD Vectorization. Vectorization provides evident performance boost. Overall AutoMI (w/o TF) is
1.78x faster over MultiLyra. Indeed, AutoMI (w/o TF) is 1.82x, 1.87x and 1.31x faster than MultiLyra
in Gather, Apply and Scatter phase, respectively. This confirms the benefit of vectorization.

TrackFree. TrackFree further improves AutoMI on top of vectorization. When TrackFree is enabled,
AutoMl is 2.07x faster than AutoMI (w/o TF), with 2.28x, 2.13x and 1.67x speedup in Gather, Apply
and Scatter phase, respectively. This is because TrackFree optimization eliminates the overhead of
track reference and maintenance throughout Gather, Apply and Scatter phases. More specifically,
TrackFree optimization speeds up AutoMI over AutoMI (w/o TF) by 2.21x, 2.24x, 1.69x, 1.76x and
1.83x for Boolean BFS (bBFS), SSSP, GC, SpMV and PPR, respectively, as shown in Fig. 5.
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Table 6. Speedup over PowerLyra and breakdown for SSSP over UKDomain with 256 queries

system ‘ speedup ‘ Gather (s) ‘ Apply (s) ‘ Scatter (s) ‘ Sync (s) ‘ #comms

PowerLyra 1 1787.14 1324.96 2033.49 304.67 | 4.61 x 10%°
MultiLyra 3.07x 801.48 777.87 183.55 12.25 4.73 x 108
AutoMI (w/o TF) 5.46x 438.89 416.98 139.79 12.24 4.73 x 108
AutoMI 11.32x 192.84 196.16 83.68 11.81 4.73 x 108
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Fig. 6. Scalability over synthetic graphs with varying number |V| of vertices (Section 7.4)

SIMD Vectorization + TrackFree. Putting them together, when running SSSP on UKDomain with
256 queries, AutoMl is 11.32x and 3.69x faster than PowerLyra and MultiLyra, respectively.

7.4 Scalability

Using rMat [18], we generated synthetic graphs of varying sizes to evaluate the scalability of AutoMI.
The results with 256 sources are shown in Fig. 6, and tell us the following. (1) AutoMI consistently
outperforms PowerLyra, MultiLyra and Quegel in all cases. (2) The delicate computation and opti-
mization that AutoM| embeds into multi-instance programs do not impair or hinder their scalability.
Indeed, the speedup ratio over the compared systems is stable as graph grows, e.g., for Boolean
BFS, AutoMI is 27.31x, 3.36x and 17.65x faster than PowerLyra, MultiLyra and Quegel, respectively,
over rMat with 2% vertices, and it remains 27.52x, 3.38x and 17.21x faster with 227 vertices.

7.5 Summary

We find that interleaved evaluation of multiple query instances on distributed GAS system is
efficient. On average AutoMI is 14.82x, 9.51x, 14.09x, 6.37x, 7.79x, 8.21x and 3.78x faster than
PowerLyra for Boolean BFS, Integer BFS, SSSP, GC, SpMV, PPR and CF, respectively. In addition,
AutoMI receives effective performance improvement from its automated SIMD vectorization and
TrackFree optimization, and AutoMI is scalable as graph size increases.

8 CONCLUSION

We have proposed AutoMI, an approach to automatically converting single-instance GAS algorithms
into optimized multi-instance version that can run on any generic vertex-centric GAS system. We
have discussed its design, proved its correctness, and developed track-free vectorization, an effective
optimization with an algebraic characterization that allows AutoMI to make full and safe use of it.

We are currently extending AutoMI with support for (a) vertex-centric systems with a non-
GAS programming interface and (b) concurrent iterative graph frameworks to allow concurrent
multi-instance computation via thread grouping and scheduling.
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