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Abstract

Approximate nearest neighbor search has become a core component of Al systems on cloud and
edge, spanning extremes of scales and form factors. We overview the DiskANN library of graph-
based indices and algorithms that enable the practical construction and deployment of approximate
nearest neighbor search indices across a variety of such systems. Specifically, we present indices
that are capable of running efficiently out of an SSD, preserving recall over a stream of updates,
and incorporating attributes alongside vector data to support predicate filters. They also support
performance at least on par with other “in-memory" graph-based indices. Interestingly, all these
algorithms arise from a variation of the prune procedure used in most graph-based indexing algorithms.

1 Introduction

Nearest Neighbor Search (NNS) is a classical problem in computer science, . .
aimed at identifying the closest points in a dataset relative to a specified query o« e o
point, based on a chosen distance metric (e.g., Euclidean or cosine similarity A RN .
for vector datasets, or Jaccard similarity for sets of words). Formally, the input a ,
is a dataset P of points in Euclidean space along with a distance function, and \ quety
the goal is to design a data structure that, given a query point g and target k, -
efficiently retrieves the k closest neighbors for ¢ in the dataset P according to
the given distance function. Algorithms and bounds for fundamental problem
are well studied in the research community |3, 8, 15, 16, 20, 43, 47, 48, 55, 62,

y &

Figure 1: Nearest neighbor
N()]. search in two dimensions.

1.1 Approximate Nearest Neighbor Search (ANNS)

Since it is impossible to retrieve the exact nearest neighbors without exhaustive search of the dataset
in the general case |13, 80| due to a phenomenon known as the curse of dimensionality [25], one aims
instead to find the approzimate nearest neighbors (ANN) where the goal is to retrieve k neighbors that
are close to being optimal with the help of ANNS indices. We also refer to this problem as vector
search. The quality of an index and the corresponding search algorithm is judged by the trade-off it
provides between accuracy and the time and space complexity of a query, or in the case of specific
implementations of the algorithm, the hardware resources such as compute, memory and I/O needed for
a query.

Theoretical analyses [3, 14, 43| typically provide bounds on the quality of the solution using the
approximation ratio, namely, the ratio of the distance of the candidate returned by the algorithm and
the true closest nearest neighbor for the query vector, for the case when k = 1. For larger values of &, a
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common generalization is the ratio of the distance of the k" candidate returned by the algorithm and
the true k' closest nearest neighbor for the query. In this paper, we use a slightly different, but related,
notion of recall relevant to practical applications of ANNS indices."

Definition 1 (k-recall@Qk’) For a query vector q over dataset P, suppose that (a) G C P is the set of
actual k nearest neighbors in P, and (b) X C P is the output of a top-k' ANNS query to an index. Then
the k-recallQk', where k < k' for the index for query q is L;GI Recall for a set of queries refers to the

average recall over all queries.

1.2 Usage: Scenarios and Scale

Indices for ANNS are critical in diverse applications in computer vision |78, data mining [22], information
retrieval [50], classification [35], to state of a few. In these applications, objects are embedded in a high
dimensional vector space by a semantic embedding model that captures the intended notion of semantic
similarity as geometric distance in a high-dimensional Euclidean vector space |28, 39, 68, 82|. Typical
embeddings have dimensions range from 100 to 1000, and use ¢2-distance, cosine similarity, or inner
product as distance functions’. With improvements in machine learning models and scale of data they
are trained on, such dense vector indices over embeddings of objects have become pivotal to the quality
of search [23, 82] and recommendation systems [27]. Industrial use cases from web and enterprise search
to device local search (e.g., Windows Copilot Runtime [6]) now rely on vector search. Further, with the
evolution of Large Language Models (LLMs), such indices have also found powerful use in grounding
LLMs and providing access to valuable private or proprietary data via Retrieval Augmented Generation
(RAG) |52]. Agents such as OpenAl DeepResearch, Microsoft Copilots [1| that combine LLMs generative
and reasoning abilities with knowledge stores such as web or enterprise document indices primarily use
vector search for retrieval.

Due to the pervasive nature of this workload, standalone vector indexing software such as FAISS [31]
and nmslib [21] as well as vector indexing extensions for existing systems have been developed. For
example, inverted-index based search engines |11, 65, 72, 76], document databases [12, 19, 59, 69|, and
relational databases [0, 13, 57, 61, 66, 83, 84] now allow vector search to search and retrieve their content.

Specialized vector databases that primarily support vector search have been developed |7, 26, 34, 67, 77].

Given the range of applications in which vector search is used, their deployments can span extremes
of scale in size and throughput:
Index Size. A web index could span hundreds of billions of vectors, each representing a URL and
its contents. In addition, each user interaction with the web search interface might trigger requests to
dozens of other semantic indices for advertisements, videos, images, entities, etc., each of which might
span billions of vectors. Enterprise search system like Microsoft 365 that serve millions of users could be
even larger. They might build millions of indices, each representing an enterprise’s shared content or
personal email inbox. Such systems might index many trillions of vectors overall. On the other extreme,
a device local Al runtime might have many small application specific indices each with only thousands
of vectors.
Query performance. Web scale indices need to process tens of thousands to hundreds of thousands of
queries per second, with each response taking no more than tens of milliseconds. On the other hand, an
inbox or an index on a personal device might only be searched a few times a day. These two use cases

!An index that provides good k-recall@k can also satisfy other notions of recall such as finding all neighbors within a
certain radius in the real-world scenarios.
2We will restrict our focus to such datasets, and hence use the terms Vector Search and ANNS interchangeably.
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are separated by 10 orders of magnitude in their query throughput. Query throughput for other cases
falls at various points in this range.

Update speeds. As the underlying collection of objects these vector indices represent change (e.g. web
crawls, new emails, new rows/docs in a database), the vector index must be updated to represent this.
The update latency required could vary from near-instant in the case of a database that has committed
a transaction, or an index over conversation history with an AI conversation agent, to a few seconds or
minutes in case of a real-time web or document index. The update throughput can also be as demanding
as tens of thousands of updates/sec for a web based index.

Limitations of previous algorithms: Prior algorithms such as HNSW and FAISS IVF-PQ excelled
over static datasets when indices could be stored in memory. In such scenarios, they could process tens
of thousands of queries per second on multi-core processors or a GPU. However, the requirement of
holding data in memory can be prohibitively expensive. A billion 768 dimensional vectors along with
an HNSW index requires about 3.5 TB of main memory. For most scenarios except those requiring
thousands of queries per second, it is difficult to justify this cost. It would be strongly preferable to
construct an index that can be served from inexpensive SSDs which cost about 25x lesser than main
memory. In fact, this is the only path to scaling these indices to industrial scale datasets.

Once built, these indices must be continuously updated but prior work is sparse on details on
updating vector indices. The effect of sequences of incremental updates, where they exist in prior work,
on the recall of the index are not well understood.

Further, in many scenarios, it is natural to select the closest vectors to the query among those that
satisfy a particular clause. For example, one might want to retrieve most relevant documents from a
particular domain or relevant to certain geography. In such cases, algorithms that query vector indices
and then post-filter for the predicate afterwards can be quite inefficient.

1.3 The DiskANN library

The DiskANN library was developed to address the limitations highlighted above and other requirements.
To present a few highlights, the DiskANN library can:

e index about a billion vectors points on a single compute node with a commodity SSD, and serve
queries with high recall at upto 10,000 queries per second with single digit millisecond latency [73].

e process thousands of updates per second concurrently with queries. It can also update SSD based
indices via a novel graph merge algorithms with limited memory and write amplification [71].

e construct specialized indices for certain predicate patterns that are nearly as efficient to query as
plain vector indices [38].

e can process queries at least as efficiently as other graph-based indices such as HNSW when the
same index (built for SSD) is hosted in memory, with comparable recall.

These ideas have been deployed in a variety of applications spanning web search, computational
advertisements, enterprise search, databases, Copilots and other retrieval-augmented generative Al
scenarios across Microsoft and adapted elsewhere in the industry [26, 19, 57, 67]. An open-source
implementation of these ideas is available at https://github.com/Microsoft/DiskANN.
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2 Overview of Different Classes of ANNS Algorithms

Recent surveys and benchmarks [10, 32, 53] provide an overview of the large body of research, and
comparison of the state-of-the-art ANN algorithms. Here, we focus on the algorithms relevant for vectors
in high-dimensional space with Euclidean metrics, and provides a broad categorization of them. Beyond
ANNS for points in Euclidean spaces, there has been work for tailored inputs and other notions of
similarity such as those for time series data [2, 22, 51|. See [32] for a comprehensive study of such
algorithms.

Trees. Some of the early research on ANNS focused on low-dimensional points (say, d < 20). For such
points, spatial partitioning ideas such as R*-trees [17], kd-trees [18] and Cover Trees [20] work well, but
these typically do not scale well for high-dimensional data owing to the curse of dimensionality. There
have been some recent advances in maintaining several trees and combining them with new ideas to
develop good algorithms such as FLANN [60] and Annoy [19].

Locality Sensitive Hashing (LSH). In a breakthrough result, Indyk and Motwani [13] developed a
class of algorithms, known as locality sensitive hashing which resulted in the first, and only-known provably
approzimate solutions to the ANNS problem with a polynomially-sized index and sub-linear query time.
Subsequent to this work, there has been a plethora of different LSH-based algorithms |4, 43, 85], including
those which depend on the data [5], use spectral methods [21], distributed LSH [75], etc.

Clustering. Similar to LSH, there is another body of work [24, 48] which focuses on a more data-
dependent way to solve ANNS in practice. These methods first cluster the dataset points using methods
with good empirical performance, such as k-means heuristic. They then store an inverted index mapping
each cluster to the list of database points that fall into the cluster. At query time, the search algorithm
computes the closest (or closest few) cluster center(s) to the query, retrieves all the database points
which belong to these closest clusters and computes the top k vectors from these retrieved points.

Graph-Based Index. One potential drawback of the space partitioning approaches (like the ones
discussed above) is that that there are exponentially (in the dimension) many neighboring cells/clusters
to a given region of space. Hence, it becomes difficult to select which nearby cells to scan to reduce the
query time complexity. To circumvent such boundary issues, there has been an evolution of graph-based
ANNS indexing algorithms [37, 45, 46, 55, 73, 74]. Several comparative studies [10, 32, 53, 79] of ANNS
algorithms have concluded that these graph-based methods significantly out-perform other techniques in
terms of search performance on a range of real-world static datasets. These algorithms are also widely
used in the industry at scale. This paper shall deal with one such algorithm, called Disk ANN [73], which
has been used extensively in Microsoft in its core search technologies.

3 The DiskANN Algorithm

The primary data structure in the Disk ANN data structure is a directed graph with vertices corresponding
to points in P, the dataset that is to be indexed, and edges between them. With slight notation overload,
we denote the graph G = (P, E) by letting P also denote the vertex set. Given a node p in this directed
graph, we let Noyut(p) and Niy(p) denote the set of out- and in-edges of p. We denote the number of points
by n = |P|. Finally, we let x,, denote the database vector corresponding to p, and let d(p, q) = ||xp — x4
denote the ¢y distance between two points p and q. We now describe how the Disk ANN index is built
and searched. We first describe how the search algorithm works assuming that the graph has been built.
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Algorithm 1: GreedySearch(s,xq, k, L)

Data: Graph G with start node s, query x4, result size k, search list size L > k

Result: Result set £ containing k-approx NNs, and a set )V containing all the visited nodes

begin

initialize sets L+ {s}, £+ 0, and V+ 0

// L is the list of best L nodes, £ is the set of all nodes which have
already been expanded from the list, and V is the set of all nodes
which have been visited, i.e., inserted into the list

initialize hops <+ 0 and cmps <+ 0

while £\ & # 0 do

let px < argmingepg |[xp — Xql|

update L4 LU (Now(p*)\V) and €+ EU{p*}

if |£] > L then

L update £ to retain closest L points to X

update hops < hops+1 and cmps < cmps + | Nout (p*) \ V|
| update V< VU Ny (p*)

| return [closest k points from V; V]

3.1 Index Search and Navigable Graphs

In graph-based data structures for vector similarity search like DiskANN, an important aspect of
performance is how efficiently the graph index can be traversed to locate nodes closest to a given
query. This efficiency depends on the graph’s navigability—a property that allows a search algorithm to
efficiently find nearby nodes to the query using a greedy-like algorithm, without exhaustively examining
every node.

Roughly speaking, navigability of a directed graph is the property that ensures that the index can be
queried for nearest neighbors using the following greedy search algorithm. The greedy search algorithm
traverses the graph starting at a designated start node s € P. The search iterates by greedily walking
from the current node u to a node v € Nyy¢(u) that minimizes the distance to the query, and terminates
when it reaches a locally-optimal node, say p*, that has the property d(p*,q) < d(p,q) Vp € Nout(p*).
In other words, greedy search terminates when it improve distance to the query point by navigating
out of p*, and thus returns it as the candidate nearest neighbor for query ¢. In practice, we use a
generalization of this procedure called beam search, where the algorithm maintains a list of size L > k,
and iterates until the list is locally optimal, and finally outputs the top k from the list. Algorithm 1
formally describes this variant.

3.2 Index Construction and the a-RNG property

We now describe how to build a good navigable graph. Note that the primary goal of the index
construction phase is that the greedy search algorithm quickly converges to a good local optimal solution
(ideally the nearest neighbor(s) of the query) for most queries. We can measure the quickness, i.e.,
search complexity, in terms of the final number of distance comparisons and number of graph hops
(tracked by cmps and hops respectively in Algorithm 1). Roughly speaking, the search complexity can be
approximated by deg x hops, where deg is the average out-degree of the graph. Furthermore, the space
complexity of the index is O(Ndeg) + O(Nd) to store the graph data structure and the d-dimensional
vectors of the database. In order to keep the data structure implementations simple, we enforce an
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upper bound of R, a tunable parameter on the maximum out-degree of each node in the graph. Thus
the question becomes, how do we choose the (at most) R out-neighbors of any node p, so that the greedy
search algorithm converges to a good local optimum while minimizing the number of hops.

Algorithms like NN-Descent [30] use gradient descent techniques to determine G. The more recent
algorithms start with a specific initial graph — an empty graph with no edges [55, 73| or an approximate
k—nearest-neighbor graph [30, 37] — and iterate over all the base points x,, to refine G using the following
two-step construction algorithm to improve navigability. Each iteration adds edges to ensure that if the
query is close to x,, the the greedy algorithm Algorithm 1 will converge to x,. Since we don’t know the
query points at index construction time, we simulate the query as being x,, itself.

e Candidate Generation - For each base point x,, run Algorithm 1 on G to obtain &£, the set of
all nodes expanded during the search process. In order to ensure that x, is reachable after the
graph update in this iteration, we add £ to Nout(p) and Niy(p), thereby improving the navigability
to p in the updated graph G.

¢ Edge Pruning — When the out-degree of a node p exceeds R, a pruning algorithm filters out
similar kinds of (or redundant) edges from the adjacency list to ensure |Nou(p)| < R. Different
algorithms differ in how they prune the neighborhoods, and this forms a crucial difference between
the different graph-based ANNS algorithms.

3.2.1 The DiskANN Pruning Strategy

One of the crucial differentiators between DiskANN and other graph algorithms is in the way it prunes
the out neighbors of a node p, when the degree exceeds the threshold R. Indeed, how do we determine
which of p’s current neighbors to retain while bringing the degree down? To answer this question, prior
algorithms like HNSW and NSG applied a very elegant pruning strategy which will greatly sparsify the
graph. Loosely speaking, if p has two neighbors p; and ps such that ||x, — Xp, || > [|Xp, — Xp, ||, then we
can declare ps as a redundant neighbor, and remove it from the out-neighborhood of p. Intuitively, if the
query is close to pa (which is why the greedy search algorithm will find the edge p — pa useful), then p;
is a candidate neighbor which gets the search procedure closer to ps (a surrogate for the target region)
than p, and hence we can eliminate the edge to ps. However, as we shall see in subsequent sections, this
pruning strategy might end up being be too aggressive, and has some drawbacks.

Definition 2 (a Relative Neighborhood Graph (RNG) Property) The crucial concept used in
the DiskANN graph construction is a more relaxed pruning procedure, which removes an edge (p,p2)
only if there is an edge (p,p1) and ||xp — Xp, || > a||Xp, — Xp, || for some constant o > 1.

Intuitively, building such a graph using « > 1 helps the distance to the query vector to decrease
geometrically by a factor of a in Algorithm 1 in each step over the graph. Note that graphs become
denser as « increases as this is a more relaxed pruning criterion. We formalize this pruning strategy
in Algorithm 3. In practice, « is typically set between 1.0 to 1.4, with 1.2 being the typical choice. It is
very unusual for a < 1.0 or a > 1.4 to yield desirable results. See Figure 2 for an illustration of the
pruning algorithm.
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Figure 2: An illustration of Algorithm 3 on an adjacency list of length 7 in two-dimensional space. The seven vertices
are numbered in order of distance from p. In application of the algorithm, v4 and v7 are pruned out due to proximity to
vz, and vs is pruned due to proximity to v2. Lower a would cause more aggressive pruning and a sparser adjacency list,
while higher a would cause fewer vertices to be pruned out for a denser adjacency list. While algorithms such as HNSW
implictly set the « value to 1.0, Disk ANN’s crucial insight was that configuring « to higher values results in a much higher
quality graph.

Algorithm 2: Insert(xy,s,L,a, R) Algorithm 3: RobustPrune(p, &, «, R)
Data: Graph G(P, E) with start node s, new Data: Graph G, point p € P, candidate set
vector x,, parameter a > 1, out degree &, distance threshold o > 1, degree
bound R, list size L bound R
Result: Graph G'(P’, E’) where Result: G is modified by setting at most R
P'=PuU{p} new out-neighbors for p
begin begin
initialize expanded nodes &+ () & + (EU Nous(p)) \ {p}
initialize candidate list L+« 0 Nout(p) < 0
(£, &] + GreedySearch(s,p,1, L) while £ #( do
set Nout(p) < RobustPrune(p, £, a, R) p* < argmin, ce d(p,p’)
foreach j € Now(p) do Nows(p) + Nous(p) U {5°)
if |Nout(j)U{p}| > R then if |Nouwt(p)| = R then
set Nouw(j) « L break
RobustPrune(j, Nout () U {p}, o, R) for p/ € € do
if a-d(p*,p’) <d(p,p’) then
else L L remove p' from &
L update Nout(j) A Nout(j) U {p} L

3.2.2 The Overall Index Construction Algorithm

We now have all the pieces to state our index construction algorithm. The input comprises of a dataset
P of n points, degree bound R, list size parameter L, and RNG parameter o > 1.
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Algorithm 4: Index Construction
Data: Dataset P, degree bound R, list size parameter L, RNG parameter «
Result: Navigable Graph G = (P, E), start node s

lets(—argminpep]|xp—”'+’w|| // s 1s the medoid of the dataset

for each point p in dataset P do
| run Insert(xy, s, L, o, R)

3.3 Theoretical Analysis of Disk ANN Graphs

As mentioned in the earlier section, one of the crucial differences between the Disk ANN graph construction
algorithm and other graph methods like HNSW and NSG, is the a parameter used during the pruning
procedure. The other algorithms implicitly use o = 1, thereby producing much sparser graphs. It turns
out that, even from a theoretical perspective, the a parameter plays a crucial role in ensuring that
the DiskANN algorithm constructs graphs with provable guarantees. In a very elegant paper, Indyk
and Xu [44] proved the following theorem for a so-called slow-preprocessing variant of Disk ANN. The
interested reader may refer to the paper for more complete details.

Definition 3: For any point p in dataset P and radius r > 0, we use B(p,r) to denote a ball of radius
r centered at p, i.e., B(p,r) = {x € P :d(z,p) < r}. We say that a dataset P has the doubling constant
C' if any ball B(p,2r) centered at some p can be covered using at most C' balls of radius r, and C' is the
smallest number with this property. The value log, C' is called the doubling dimension of P.

The doubling dimension is often used as a measure of the “intrinsic dimensionality” of a data set.
Moreover, recent empirical studies |9] show that several real-world datasets for vector search reside in
large ambient dimensional space, but have significantly smaller intrinsic dimensionality.

Theorem 3.1: Consider a dataset P of doubling dimension r, and suppose A is its aspect ratio,
i.e., Dpax/Dmin. Then the graph constructed using the DiskANN slow-preprocessing algorithm has

maximum degree at most O(a)%log A. Moreover, the greedy search Algorithm 1 converges to an

<L+1 + e) -approximate solution in O(log,, (ﬁ) hops.

a—1

Interestingly, note that the theorem gives good convergence bounds only if a > 1, which serves as
validation for the more relaxed pruning strategy employed by Disk ANN.

4 DiskANN Features

We now illustrate how this simple graph construction procedure can accommodate various important
features, and present experimental results supporting our conclusions.

4.1 In-Memory Index

In this section, we showcase the performance of the in-memory Disk ANN graph on state-of-the-art,
modern datasets, as compared to other popular in-memory ANNS algorithms. In these experiments,
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. Build Time(s) on Build Time (s) on
Algorithm g :
Wikipedia-Cohere-35M OpenAl-ArXiv-2M
In-Mem DiskANN 4556 1210
In-Mem Quantized DiskANN 2948 851
HNSW 13778 1137
ScaNN 2059 206
Figure 3: Build times of each algorithm
Performance on Wikipedia-Cohere-35M Performance on OpenAl-2M
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[ c
] o
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(a) Results on Wikipedia-Cohere dataset. Disk ANN was build with (b) Results on OpenAI-ArXiv dataset. DiskANN was build with
parameters R = 64, L = 128, &« = 1.2, and a 16-bit scalar quantiza- parameters R = 40, L = 400, « = 1.2, and a 16-bit scalar quantiza-
tion where indicated. ScaNN was built with an anisotropic quan- tion where indicated. ScaNN was built with an anisotropic quan-
tization threshold of 0.2, 2 dimensions per block, and 8000 leaves. tization threshold of 0.2, 2 dimensions per block, and 1200 leaves.
HNSW was built with parameters M = 32,ef search = 400. HNSW was built with parameters M = 32,ef search = 400.

Figure 4: Recall/QPS curves comparing in-memory DiskANN with ScaNN and HNSW.

we compare Disk ANN to ScaNN [11], a popular partition-based alternative algorithm, and HNSW [55],
a widely used graph-based algorithm. For each algorithm, we used publicly available guidelines [12,
70] as well as our own parameter sweeps to select the best parameters for each dataset. When
configuring Disk ANN and ScaNN, we used each algorithm’s respective quantization options—namely,
scalar quantization to 16 bits for Disk ANN and anisotropic vector quantization for ScaNN. The most
widely used implementation of HNSW did not include a native quantization scheme, so for the sake of a
fair comparison with HNSW, we also include the full-precision version of Disk ANN in our experiments.
Our experiments were run on an Azure Standard L32s v3 [58] machine with a third generation Intel
processor with 32 vCPUs, using 8 threads for search.

In Figure 4 and Figure 3, we show the results of our experiments on two datasets, Wikipedia-Cohere-
35M, with 35 million points, and OpenAl-ArXiV-2M, with 2 million points. Both datasets are publicly
available at the Big ANN Benchmarks repository [33]. Overall, our results show strong performance of
DiskANN, especially on larger datasets.

4.2 SSD-Resident Index

While graph-based ANN indices offer state of the art search performance in terms of latency /throughput
vs recall, they are quite expensive to host due to consuming a significant amount of RAM. Indeed, one
needs to store an additional graph data structure of size O(ndayg) over and above the data vectors,
where dayg is the average degree of the graph index. One way to mitigate this space issue is to store
the graph on cheaper auxiliary storage devices such as SSDs (solid state drives). Doing this in a naive
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(a) 20% index built (b) 60% index built (c) 100% index built

(d) 20% index built (e) 60% index built (f) 100% index built

Figure 5: Stages of Index Construction with o = 1 ( Figures 5a to 5¢) and o = 2 ( Figures 5d to 5f)

manner would unfortunately make the search latencies increase significantly. Indeed, each time the
greedy search Algorithm 1 needs to expand one node to fetch its neighbors, the algorithm needs to make
one round-trip to the SSD to fetch this adjacency list information, and the SSD round-trip latencies are
an order of magnitude larger than a random RAM access.

This was in fact one of the main reasons [73| introduced a new graph construction algorithm: the
graphs constructed based on the a-RNG property (with « > 1) would end up considerably reducing the
number of hops at search time, resulting in improved query latencies. Figure 5 illustrates the improved
connectivity of the graph (which in turn will bring down the number of hops at search time) by using
large values of «, in a dataset comprising of 100 random points in the unit square. In the plot in Figure 6,
we show how the indices built with o = 1 and o = 1.2 differ in terms of how many hops it takes for the
greedy search Algorithm 1 to achieve a desired recall on a real-world dataset. For this experiment, we
used the arxiv-openai dataset |33] which comprises of around 2,000,000 vectors in 1536 dimensions,
and the amazon-cohere dataset [33] which comprises of around 2,000,000 vectors in 384 dimensions

4.3 Streaming Index

In this section, we show how Disk ANN can be adapted to the streaming scenario; that is, maintaining
an index under a stream of insertions and deletions rather than a static index built in one shot. Since
the build routine is naturally composed of a stream of insertions, the insert procedure is adapted to
this scenario without modification. On the other hand, maintaining a high-performance index under a
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Figure 7: Search recall over 20 cycles of deleting and re-inserting 5% of SIFT1M dataset with statically built HNSW,
Vamana, and NSG indices with Ls = 44, 20, 27, respectively.

stream of deletions is significantly more difficult. In this section, we explain this difficulty and how to
mitigate it, and show the performance of streaming DiskANN under a variety of situations.

The most natural approach to deleting a point p from a DiskANN graph is to simply delete its
corresponding vertex, as well as all edges pointing to the vertex representing p. However, this simple
policy, which we refer to as the “Drop Policy”, fails to maintain consistent recall for search with the same
Lg, and rather degrades over time (see Figure 7. The reason for this degradation is that the deleted
point may be an important routing node for queries to reach their correct answers, so losing the in- and
out-neighbors of the node leads without any attempt at repair results in a lower quality graph.

This need for repair led to Algorithm 5 [71], which loops over vertices which have an edge to a
deleted vertex, and replaces that edge with the out-neighbors of the deleted vertex while respecting the
degree bound. In Figure 10 we refer to this policy as the “Consolidate Policy." This global algorithm
can be called as a background process after a certain percentage of the index has been deleted; in the
meantime, deleted nodes can be used as part of the search path but not returned as query results.
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Algorithm 5: Consolidate Deletes
Data: Dataset P, degree bound R, list size parameter L, RNG parameter «, delete set D C P
Result: Navigable Graph G = (P \ D, E), start node s
for p € P do
E,« 0
if pZ D then
for q € Nout(p) do
if ¢ € D then
| Ep < E,U{ele € Nou(q)e & D}
else
| Ep<+ E,Uq

if |E},| > R then
L E, + RobustPrune(p, E,, o, R)

| Nowt(p) < Ep

else
L continue
5% Index Size 10% Index Size 50% Index Size
8 ——  SIFTIM
?3 ——  DeeplM
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|
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Figure 8: 5-recall@5 for FreshVamana indices for 50 cycles of deletion and re-insertion of 5%, 10%, and 50% of index size
on the million-point and 5% of SIFT100M datasets. Ls is chosen to obtain 5-recall@5=x 95% on Cycle 0 index.

4.4 Recall stability of FreshVamana

We now demonstrate how using our insert and delete consolidation algorithms ensures that the resulting
index is stable over a long stream of updates. We start with a statically built Vamana index and subject
it to multiple cycles of insertions and deletions. In each cycle, we delete 5%, 10% and 50% of randomly
chosen points from the existing index, and re-insert the same points. We then choose appropriate Lg (the
candidate list size during search) for 95% 5-recall@5 and plot the search recall as the index is updated.
Since both the index contents and L, are the same after each cycle, a good set of update rules would
keep the recall stable over these cycles. Figure 8 confirms that is indeed the case, for the million point
datasets and the 100 million point SIFT100M dataset. In all these experiments, we use an identical
set of parameters L, = 1.2, R for the static Vamana index we begin with as well as our FreshVamana
updates.

Effect of a on recall stability. To study the effect of « on recall we run the update rules for a stream
of deletions and insertions with different o values, and track how the recall changes as we perform our
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Figure 9: Recall trends for FreshVamana indices on SIFTIM and DeeplM over multiple cycles of inserting and deleting 5%
of points using different values of « for building and updating the index. L is chosen to obtain 5—recall@5 ~ 95% for
Cycle 0 index.
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Figure 10: Recall over time for two streaming scenarios.

updates in Figure 9. Note that recall is stable for all indices except for the one with o = 1, validating
the importance of using o > 1.

We examine the recall of the algorithms described above with two further streaming runbooks. The
Drop Policy is called in a global background process at the same rate as the Consolidate Policy. A
runbook consists of a sequence of insert, delete, and search operations, and recall is measured at each
search operation. The first runbook is based the MSTuring-30M [33] dataset and designed to mimic
the real-world trend of distribution shift within a streaming scenario. The dataset is clustered into 64
clusters, and points are inserted and deleted in clustered order over five rounds. The second runbook,
based on the Wikipedia-35M [33] dataset, is designed to reflect another real-world scenario: that of an
index where data is reliably deleted based on a time window. In this runbook, each point in the dataset
is inserted and randomly assigned an expiration date, after which it is deleted. Figure 10 shows the
trend in recall over time of both datasets. In Figure 10a, recall drops and then increases each time the
delete algorithm is called, in five noticeable peaks corresponding to the five rounds. The recall using the
Consolidate Policy is significantly higher than that of the Drop Policy. Similarly, in Figure 10b, recall
using the Consoldate Policy remains much more steady over time than recall using the Drop Policy.
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4.5 Filtered Disk ANN

We now show how the simplicity of the modular graph construction and search approach allows us to
solve interesting generalizations of ANNS which also have great real-world significance, by considering
the case of filtered search. A motivating example is where each database point p € P corresponds to an
advertisement, and the advertiser has an embedding vector x, capturing the semantic information, and
an additional set L(p) of labels, corresponding to the set of countries where the ad can be displayed.
The advertisement retrieval problem now corresponds to finding the closest vectors from the database
which contains the country where the query originated from.

Formally, each database point p € P, in addition to a vector x, € R?, also comes with a set of
associated labels L(p) C U, where U is a universe of possible labels. The query point again has a vector
Xq € R¢ and a filter label £(q) € U. The goal is to retrieve the closest database points whose label-set
contains ¢(q): given a target k, we want to retrieve the top-k set (or a close approximation thereof)
R* := arg minlgtg( Q)EL®) |[%p — X4||, where arg min* notation denotes the set of k elements optimizing the
condition.

We now show how to adapt the basic graph construction and search to handle such simple filters. The
ideas described are formalized in [38]. More sophisticated ideas to handle more complex filter predicates
like conjunctions and disjunctions (as opposed to single filters at query time) using graph-based methods
are presented in [63]. The interested reader may refer to these articles for any missing details.

4.5.1 Index Search

There are two main changes we make to the search algorithm, both of which are intuitive. The main
change to Algorithm 1 is that we make sure that our candidate list £ of best L nodes only contains
candidates p which satisfy the query filter, i.e., £(¢) € L(p). Indeed, the step

update £ < LU (Nout(p*) \ V) and € < EU {p*}

gets replaced with

update £ < LU ({z : © € Nou(p*) A €(q) € L(z)} \ V) and € + £ U {p*}

The second main change is that, instead of the search starting from a global start node s, the start
node s(¢) for a query g with filter label ¢ depends on the filter label ¢, to guarantee that ¢ € L(s(¥)),
i.e., the start node satisfies the query filter. To efficiently enable this, we pre-compute a map from the
universe of labels to satisfying start nodes.

4.5.2 Index Build

Given that the search routine for query ¢ only restricts to running a greedy search over the induced
sub-graph of points containing the the label £(q), we want the index construction to ensure that each of
these induced subgraphs (for any label ¢ € U) is sufficiently well-connected and resembles a navigable
DiskANN index only over these points themselves. To this end, the index construction is once again
composed of iterating over all database points. In each iteration, when considering point p with labels
L(p), we first obtain some candidates to add edges with p, and then prune these candidates using the
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a-RNG property. In the filtered setting, the candidates are precisely the union of all the nodes visited
during each of the searches FilteredGreedy(s(€),xp, 1, L, £)? for £ € L(p). This ensures that p only has
edges to other nodes which share common labels, and can promote the connectivity of these labels.
Next, the prune procedure also deviates from Section 3.2.1 in that it now depends both on the geometry
of vectors and as well as the label overlap between the possible candidates. We outline this change
in Definition 4, and make a corresponding adaption to Algorithm 3 to incorporate the label information.
This overall algorithm is known as Filtered DiskANN. In another variant, we build a Disk ANN graph for
each label, namely over the point-set P(¢) = {x : £ € L(z)}, take a union of all these graphs, and finally
perform the filtered prune algorithm on each vertex independently to bring down the degree. Without
the prune step, this graph will be very dense but excellent for filtered search; the pruning brings down
the degree considerably without compromising on the quality a lot. This algorithm is known as Stitched
DiskANN.

Definition 4: (o Relative Neighborhood Graph (RNG) Property for Filtered Index Con-
struction). For any p, p; and ps, the pruning algorithm removes an edge (p, p2) if there is an edge
(P, p1); ||Xp — Xpa|| > @||Xp, — Xp, || for some constant o > 1, and moreover, L(p1) 2 L(p) N L(p2).

We now demonstrate the efficacy of our algorithm on two different use-cases.

Ads Dataset. The Ads datasets represent sponsored advertisements from a large ad corpus relevant
across 47 regions (countries). Each ad can be served in one or more geographical regions based on
advertiser preference. The vectors are 64-dimensional and derived from the twin-tower encoders [10, 51|
applied to advertisements. Each data point p on average has a label set of size ~ 10. We compared
our Filtered and Stitched DiskANN algorithms against several baselines: the first is a natural baseline
that we refer to as inline clustering. In this baseline algorithm, we cluster the dataset into C' clusters
(whose value depends on the number of data points in the index and is typically ~ v/N) using k-means
algorithm. Then for each label £ € U, we maintain an inverted index of the set of points which contain
the label £. When a query vector x, arrives with a filter £(¢), we first look up the inverted index to
retrieve the set of base points which contain the label ¢(q); let us call this set P(¢(q)) to denote the
valid points. Then we compute the closest m clusters (which is a tunable parameter for search) from
the C cluster centroids, and retrieve all the vectors belonging to those closest clusters; let us call the
set of this vectors as N, denoting the nearby points. Finally, we intersect the sets N'N P(¢(q)) and
compute the distances of these points to the query, before outputting the closest k vectors. We can
also use a clustering index (like Faiss-IVF) to retrieve the top k' >> k vectors (without any filter
requirements), and then post-process to identify the ones matching the query filter — this approach is
known as Post-Process (Clustering). Finally, we can employ such a post-processing method on HNSW
and (vanilla) DiskANN as well. We group the query based on the specificity of the filters, i.e., what
fraction of points satisfy the query filter. A specificity of 100 percent means almost all points satisfy the
query filter, and 1 percent means only 1 percent of the points satisfy the query filter. The Filtered and
Stitched DiskANN graph was constructed with degree R = 96 and list size L = 150.

We also run some comparisons on another challenging semi-synthetic dataset called Wikipedia-
Cohere [33], which embed passages from Wikipedia using the cohere.ai multilingual-22-12 model. The
queries comprise of embeddings of sentences from the Wikipedia Simple articles using the same model.
The universe U of labels for filtering are the top 4000 highest frequency words in English, excluding the
NLTK stop-words. Each base vector has labels corresponding to the subset of words of U occurring in the

3This runs the filtered greedy search algorithm for the query being x,, with candidate list size L, filter predicate being
£, starting at the pre-computed start node s(¢).
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Figure 11: Ads dataset: QPS (x-axis) vs recall@10 for various algorithms with filters of 100, 75, 50, 25 and 1 percentile
specificity.
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Figure 12: Recall vs Latency for Filtered Disk ANN vs Clustering-Based Baseline

corresponding paragraph. Similarly, the query filter corresponds to the most common word from U in the
corresponding sentence. This captures a hybrid search scenario, where there is semantic similarity using
the vectors, and also hard keyword match requirements given by the filtering constraint. In Figure 12
we compare the performance of our Filtered-Disk ANN algorithm against the inline clustering baseline.

5 Conclusion and Open Research Directions

In this article, we surveyed the Disk ANN library for Approximate Nearest Neighbor Search, and
demonstrated its versatility by adapting it to in-memory vector search (for high throughput scenarios),
disk-based vector search (for high-scale scenarios), filtered vector search (for scenarios with query-
time predicates), as well as streaming vector search (to handle highly dynamic data corpora such as
emails, twitter feeds, etc.). We also described the provable guarantees of the algorithm under specific
distributional assumptions on the data.

Going forward, there are many more interesting challenges for vector search algorithms to handle,
and it will be important future work to see how the principles underlying the graph construction and
search algorithms detailed in this article extend to those scenarios as well. For example, how can we
handle more complex query predicates, which involve range filters, conjunctions, and disjunctions, and
are crucial to applications such as shopping or targeted advertisements?

Next, many retrieval scenarios lean on the so-called multi-vector retrieval models, where documents
and queries are represented by multiple vectors, and the similarity score is a more complicated function
(compared to a simple euclidean distance we assumed in this article) involving these sets of vectors [50].
Such similarity scores are useful when comparing objects represented by large sets of vectors, such as
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long texts where each paragraph is represented by an individual vector. Can we extend our approach to
handle such scenarios as well? Some examples of such a distance function include Chamfer distance and
the Relaxed Earth Mover distance [29].

For the streaming index, we have presented a deletion policy where the graph is consolidated at

regular intervals to remove the deleted nodes. Can we enable a more immediate, eager deletion policy
which reflects deletions in real-time, while preserving the update and search latencies and search recalls?
In short, there are a lot of exciting and impactful avenues for future work in this space for the interested
reader to pursue.
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