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Introduction

The vector database market is growing quickly, with applications like Retrieval Augmented
Generation (RAG) for Generative Al (GenAl) and vector similarity search for ecommerce
leading the way. Many leading vector database providers use the HNSW (Hierarchical Navigable
Small Worlds) algorithm for vector similarity search because it provides fast search with good
recall.

This fast search and good recall come at a price, however—it takes a long time to build an
HNSW index. Long index build time can lead to issues such as limited scalability, increased
operational costs, reduced developer application experimentation, and slow update of dynamic
datasets.

Fortunately, there are ways to reduce HNSW index build time. One key approach is to parallelize
the nearest neighbor distance calculations needed to build the index. Those calculations represent
the longest portion of the index build, so speeding them up is important.

This paper will review the HNSW algorithm, how an HNSW index is built, and why the build
time using traditional solutions, like CPU, takes a long time. It will also present a solution that
leverages a high degree of parallelism to reduce index build time by roughly 85% compared to
CPU.

Market Drivers

A report from MarketsandMarkets™ ? forecasts the vector database market to grow from $1.5
billion in 2023 to $4.3 billion by 2028, representing a CAGR of 23.3%.

RAG is one of the main drivers of this growth. RAG retrieves relevant documents from a large
corpus and uses those documents in GenAl applications to generate a response. By incorporating
this external information, it allows for more accurate and reliable responses and reduces

hallucinations, where inaccurate responses are given that are not based on factual information.

RAG leverages vector databases to efficiently store and retrieve those relevant documents, which
are in the form of vector embeddings. The need for effective and efficient retrieval of vector
embeddings has made vector databases integral to RAG.

Additionally, RAG is contributing to the trend of billion-scale vector databases. That is because
larger datasets provide a wider range of information to retrieve relevant information from.
Cohere,? a leading provider of LLMs, states that some of their customers scale to tens of billions
of vector embeddings.
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Another application that is driving the need for billion-scale vector databases is ecommerce. For
example, eBay” stated that their “marketplace has more than 1.9 billion listings from millions of
different sellers.” Those listings are in the form of vector embeddings that the vector database

stores and retrieves as part of the recommendation process.

Within the vector database market, HNSW is one of the most popular Approximate Nearest
Neighbor (ANN) algorithms used to search and retrieve vector embeddings. It has been adopted
by many vector database providers like Vespa*and Weaviate® and by companies like AWS® and

eBay.’

HNSW Overview

HNSW is a graph-based algorithm that efficiently searches for the approximate nearest neighbors
of a query. The graph is hierarchical, meaning it has multiple layers of nodes (vector
embeddings), where each layer contains a subset of the previous layer. The nodes are connected
by edges, which represent the distance between them. Distance is measured by a metric, such as
cosine similarity.

The higher layers have fewer nodes and longer edges between the nodes, which allows for
bridging distant regions of the graph. The bottom layer includes all the vectors and has short-

range edges (connecting to nearby nodes).

Figure 1 provides a simple example of an HNSW graph structure.

Figure 1: Example HNSW graph showing the hierarchical layers structure. The top layer has the fewest nodes and
longer connections, while the bottom layer contains all the nodes and has short-range edges.
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This multi-layered graph structure with fewer, long-range connections on the top layers and
denser, short-range connections on the bottom layers allows for a coarse-to-fine search approach.
This provides faster pruning of irrelevant portions of the graph during nearest neighbor search,

resulting in reduced search time.

The fewer nodes and longer edges in the top layers allow fast exploration of the vector space,
while the denser nodes and shorter edges in the lower layers allow for more refined searches.

The HNSW search algorithm starts by taking big jumps across the top layers and progressively
moving down the hierarchy of layers to refine the search. This minimizes the number of distance
calculations needed, speeding up similarity searches.

This approach is analogous to the steps one might take in searching for a specific house. You
start at the city level, then move to a specific neighborhood, a particular street, and finally, you
find the house you are looking for.

The long-range connections in the top layers act like shortcuts, and they ensure the “small world”
property of the graph. This means most nodes can be reached in a few hops. This concept is
shown in Figure 2—a long-range connection is used to help find the nearest neighbor for the
query in two hops from the entry point.

e Entry Point
Query
e Nearest Neighbor

— — — Long-Range Connections

—— Short-Range Connections

Figure 2: "Small world" concept demonstrated where a long-range connection allows for an efficient 2-hop graph
traversal from the Entry Point to the Query’s nearest neighbor.
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Optimizing Graph Tradeoffs with Parameter Tuning

Parameters M and ef construction, which are both related to the number of links a node has in
the HNSW graph, help optimize the trade-off between index build time, memory usage, and

accuracy.

During index build or update, new nodes are inserted into the graph based on their distance from
existing nodes. At each layer, a dynamic list of the nearest neighbors seen so far is kept. The
parameter ef construction determines the size of this list.

The index build algorithm iterates over the nodes in the list and performs nearest neighbor
distance calculations to see if the nodes’ neighbors are closer to the query than they are, and if so,
considers adding the nodes’ neighbors to the dynamic list.

A larger ef construction means that more candidates are tracked and evaluated, increasing the
chance of finding the true nearest neighbors for each node in the graph. This improves accuracy,
but increases the index build time since more distance calculations are needed.

Similarly, increasing M, which is the number of bi-directional links created for each node in the
graph, improves the accuracy of the graph but also increases the build time since more distance
calculations and updates are needed.

By tuning the values of M and ef construction, developers can experiment with different indexes
to optimize the specific requirements of their application. For example, they can tune the values

to prioritize index build time over accuracy or vice versa.

Consequences of Slow Index Build Times

As seen in the previous sections, building an HNSW index is a compute-intensive process that
requires a lot of distance calculations to find the nearest neighbors for each vector in a hierarchy
of graph layers. While this results in a graph with low search latency and good recall, it also
comes with the tradeoff of a graph that is slow to build and update.

For example, as seen in Figure 3, eBay found that building an HNSW graph for an index size of
160M vectors can take about 3 hours to 6 hours based on the different parameters chosen.
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Figure 3: Index build time vs. index size. Different quantization, M, and ef construction values are used.’

The figure also shows that build time increases rapidly as the number of vectors in the index
grows. This can be problematic for a company such as eBay that, as mentioned earlier, has
billions of live listings.

Slow index build times can lead to many challenges, such as: scalability issues, increased
operational costs, limited developer application experimentation, and slow update of dynamic
datasets.

Scalability Issues

Slow index builds can limit a company’s ability to scale. Two examples of this can be seen in
ecommerce and RAG:

e Ecommerce—As a company’s customer base and product catalog grow, so does the time
needed to build an index to search that catalog to provide relevant and timely product
recommendations. This can limit their ability to take on more customers and products,
impacting growth potential.

o RAG—RAG retrieves contextual information to help generate better GenAl responses.
The vector databases they use to retrieve that information are getting bigger. That is
because larger datasets provide more relevant information to draw from to generate high-
quality responses and to reduce hallucinations. Slow index build times can limit how
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much of this valuable information can be added to the database without severely
impacting system performance.

Increased Operational Costs

With vector search applications scaling to billions of items, slow index build time can lead to

increased operational costs, which lowers profit margins. For example:

e Even as applications become billion-scale, customers expect the system to maintain its
performance. More computational resources are needed to keep index build times down

to maintain that performance, resulting in higher costs.

e Slow index build times means computational resources like CPUs and GPUs are in use
longer. In cloud computing environments, where resources are billed based on usage
(CPU hours, GPU hours), this translates to higher costs.

e The extended use of computational resources not only increases direct operational costs
but also raises energy consumption. This means higher energy bills.

Limited Developer Application Experimentation

As mentioned earlier, developers experiment with different parameters, such as M and

ef construction, to test different indexes and tune the performance of their application.

In a post, eBay commented on the importance of being able to experiment quickly — “Our ML
engineers develop many ML embedding models as they iterate on their hypotheses for improved
features. Any time there is a change in the ML model, even when it's a small feature or a new
version, the vector space of embeddings changes and therefore a new vector search index needs
to be created.... Rapid ML model iteration is ultimately what brings value to the end user by an
improved recommendations experience.”

Longer index build time impacts this ability to experiment in a few ways:

e [t limits the number of experiments developers can run, which could lead to suboptimal
application performance. Reduced experimentation can also lead to less innovation,

potentially causing a company to fall behind the competition.

e [t increases the time it takes a developer to evaluate the impact of their experiments,

which could delay improvements and new releases.

©2024 GSI Technology, Inc.
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Slow Update of Dynamic Datasets

Applications like ecommerce and RAG have dynamic datasets where new products or
information is frequently added to the database. Long index build time delays updates to this
dynamic data, affecting the system's relevancy and accuracy of search results.

e Ecommerce—If new products are added but the index build time is slow, this could
cause the new products not to be included in search results. This can lead to outdated
recommendations, which can negatively impact customer satisfaction and lead to lost

revenue opportunities. It can also damage the company’s brand.

e RAG—In a customer support scenario, new information is frequently added, or existing
information is updated. Slow index build and update can affect the system's ability to
keep up with this latest information. That could lead to incorrect or irrelevant responses,
eroding customer trust and satisfaction.

Ways to Reduce Index Build Time
Two effective ways to reduce index build time are parallel processing and compressing the
vectors through quantization.
Parallel Processing
A few ways to use parallel processing to reduce index build time are to:
e Split the dataset into clusters of vectors and search multiple clusters in parallel to find the

nearest neighbors for a vertex. The nearest neighbors from multiple clusters can be
merged to provide a final set of neighbors.

e Perform the nearest neighbor distance calculations within the clusters in parallel. These
distance calculations account for the longest portion of the index build time.

Unfortunately, CPUs, which most HNSW index build solutions use, have limited parallel
processing capabilities. While some high-end multi-core CPUs have 64 cores that can perform
parallel processing, this is still a small number of cores. This limits the number of parallel

operations they can perform, so they can only process a minimal amount of vectors at a time.

What is needed is a solution with massive parallel processing capability.

©2024 GSI Technology, Inc.
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Vector Quantization
Compressing the vectors in the index through quantization speeds up the build time by:

e Packing more vectors per data transfer. This reduces the number of accesses from slower
external memory to faster internal memory.

e Speeding up the nearest neighbor distance calculations since the computation is
simplified by performing it on fewer bits.

What is needed is a flexible solution that can work with quantized vectors of varied bit lengths.
This allows for experimenting with different compression algorithms to see which bit length is

optimal for achieving a particular set of goals, such as build time or accuracy.

Compute-In-Memory (CIM) Associative Processing—Flexible Massive
Parallel Processing

GSI Technology’s compute-in-memory Associative Processing Unit (APU) is a technology that
allows for massive parallel processing and flexible quantization. It is based on bit-level
processing, and computation is done in place, directly in memory, which avoids the traditional
bottleneck between processors and memory.

Building an index with the APU involves the following steps:

1. Quantize the dataset to 4 bits per feature (or any bit value of choice). For the results seen

in Figure 6, 4-bit quantization was used.

2. Cluster the dataset into N¢ clusters of approximately the same size by using K-means
clustering.

3. Assign each vertex to its N, > 2 closest clusters based on distance to the cluster centroids
created in step 2.

4. Load multiple clusters into the APU.
5. Check a list to see which vertices are assigned to the clusters loaded in the APU.
6. Batch search the vertices assigned to the clusters currently loaded in the APU to find their

K nearest neighbors in those clusters. The loaded clusters are searched in parallel.

©2024 GSI Technology, Inc.
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7. Repeat steps 4-6 until all clusters have been processed and all vertices inserted into the
graph.

8. A vertex might have nearest neighbors from multiple clusters. The K nearest neighbors
for that vertex are the union of the nearest neighbors from the multiple clusters.

9. After the union of clusters from step 8, the edges are made bidirectional and redundant
edges are pruned to ensure that each vertex has <= K neighbors.

The APU has millions of bit processors that perform computation at the bit level. This allows for

massive parallel processing on any sized data element.

The APU’s bit-level processing allows each data bit to be processed independently. For example,
for a 16-bit data item, each of the 16 bits can be processed individually.

The APU architecture stores the corresponding bits of multiple data elements together. For the
16-bit example mentioned above, this means the first bits of a set of 16-bit numbers are stored
together, all the second bits together, etc. This can be seen in Figure 4, where Bit Slice 0 holds
all the 0 bits for each 16-bit data item, Bit Slice 1 holds all the 1 bits, etc.

All the data elements for each bit slice are accessed in parallel, which coupled with the

millions of bit processors, allows for massive parallel processing.

©2024 GSI Technology, Inc.
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Figure 4: The APU’s bit-parallel architecture stores the corresponding bits of multiple data elements together. For
example, Bit Slice 0 holds the 0 bits for each data item in a set of items.?

The APU takes advantage of this bit-level processing and massive parallel processing to speed up

the index build process detailed earlier:

1. Bit-level processing
a. Allows for flexible quantization (e.g., 4-bit quantization as in step 1 above).
Quantization compresses the vectors to allow more vectors to be loaded into the
APU’s memory, where they can be processed in parallel directly in place,
speeding up the build process.
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b. Quantized values use fewer bits, which simplifies and speeds up the many nearest
neighbor distance calculations needed in step 6. Also, quantization minimizes the
time spent loading the clusters from external memory into the APU since fewer

bits are transferred.

2. Parallel Processing—The APU uses its millions of bit processors to perform the nearest
neighbor distance calculations from step 6 in parallel. This massive parallel processing
significantly reduces the time needed to compute the distance calculations. Performing
nearest neighbor distance calculations is the most time-consuming part of building an

index, so reducing it will have the greatest impact on speeding up the index build.

Results

Figure 5, from Nvidia, shows that an Intel Xeon Platinum 8480CL CPU takes 5,636 seconds
(about 1 and a half hours) to build an HNSW index for 100M vectors.

DEEP-100M index build time

B intel Xeon Platinum 8480CL [l H100 (SXM)
6,000

4,000

Index build time (s)

2,000

0 95 113

brute force IVF-Flat IVF-PQ CAGRA HNSW

Figure 5: CPU HNSW index build time for 100M vectors’

Figure 6 presents the HNSW index build times using an APU system for datasets ranging from
100 million vectors to 1 billion vectors. It shows an APU system can build a 100 million vector
index in 864 seconds (about 15 minutes). This represents nearly an 85% reduction in build
time compared to the 5,636 seconds (about 1 and a half hours) for an Intel Xeon Platinum
8480CL CPU.
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Figure 6 also shows that an APU system can build a 1 billion vector HNSW index in 7800
seconds (about 2 hours), which is a significant improvement compared to Figure 3 from eBay if
the eBay build times were extrapolated to 1 billion vectors.

APU System Index Build Time Deep-1B
9000

8000

7000
6000
5000
4000
3000
2000
1000 l
, 1R

100M 250M 500M 1000M
Number of Vectors

Seconds

Figure 6: HNSW index build time for 100 million—1 billion vectors.

This fast index build time has many benefits:

e Scale—It provides timely access to contextual information for RAG applications or
product recommendations for ecommerce applications—even as those applications scale
to billions of vectors.

¢ Reduced operational costs—computational resources are in use for less time, which for
cloud computing, where resources are billed by the hour, means lower costs.

e Improved Developer Application Experimentation—It increases the number of
experiments a developer can run and reduces the time to evaluate those experiments. This

leads to more innovation and faster product releases.
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e Faster Update of Dynamic Datasets—In ecommerce applications, new products can be
added to the index more quickly. This means they can be included in product
recommendations promptly, leading to increased revenue opportunities.

In RAG applications, it allows the latest information to be accessed sooner, leading to

more relevant and accurate responses.

Conclusion

HNSW is a leading algorithm used for vector similarity search in applications like GenAl and
ecommerce. It provides high recall and fast search, but with the tradeoff of long index build time.

Long index build time limits scalability, increases costs, leads to less experimentation, and delays
updates to dynamic data. This lowers a company’s growth potential, reduces profits, leads to less

innovation, and erodes customer confidence if incorrect or irrelevant responses are generated.

One of the main ways to reduce index build time is through parallelization. Unfortunately, most
current solutions use CPUs, which have limited parallel processing capabilities.

GSI’s APU addresses this issue by providing massive parallel processing. The APU’s millions of
bit processors allow for massive parallel computation of the many nearest neighbor distance
calculations needed to build an index. The nearest neighbor distance calculations are the longest
step in building an index, so performing them in parallel significantly reduces index build time.

The result—roughly an 85% reduction in index build time compared to traditional CPU-based
solutions.

To find out more about how GSI Technology’s on-prem and cloud-based offerings can
significantly reduce your HNSW index build times, contact us at
associativecomputing(@gsitechnology.com.
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