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Tailscale Traces Database Corruption to 16y/o SQLite WAL-Reset Bug

tailscale.com · 625 points · Discussion

At the end of last year, our uptime was 
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AI is removing the middle class of software engineering?

blog.florianherrengt.com · 606 points · Discussion


      
        It's 2020. You're the most senior person on your team, in charge of code
        quality and architecture. You've set up good engineering practices, you
        thoroughly review PRs from people who are less experienced than you and
        work hard to maintain a healthy codebase.
      

      
        Then at some point, you go on holiday. When you come back, the codebase
        is a mess. Everyone merged each other's PRs without really paying much
        attention, someone added a bunch of new tables to the database to
        denormalise it because it was easier and they added serverless or Kafka
        to the stack without any solid evidence that they needed either.
      

      It's okay. You can fix this.

      
        Fast forward to 2026. You haven't been on holiday. It's just a normal
        Monday morning. You make yourself a nice coffee, open your computer and
        find yourself with 7 PRs to review. You open the first one:
        +24506
          -3938
        lines, accompanied by some AI-generated description of what they're
        supposed to do. Somehow, your team has made more changes since Friday
        than they used to make while you were away for a few weeks.
      


      AI removed the speed limit

      AI makes projects with weak engineering culture fail much faster.

      
        There used to be a time when people sat down and talked about how they'd
        do something. Now they can just prompt an agent for a few hours and open
        a PR.
      

      
        The most tragic aspect of this way of working is that, to the untrained
        eye, it works.
      

      
        If you pull the branch and test it, you'll probably get something
        somewhat functional. So what do they do? They keep going. Again and
        again. Until the project reaches a point where no one knows how anything
        works.
      

      
        Just like someone buying a new luxury car on a credit card. You don't
        see the debt. You just see the car that looks great.
      

      
        But then users start to report a weird bug. It's the 4th time your team
        has been trying to fix it. I mean... asking AI to fix it. Unfortunately,
        it seems like not even Fable can figure it out.
      

      You go talk to the person who worked on this feature.

      
        	"So where does the data come from?"

        	"Hmm... actually I don't know. Let me ask Claude."

      

      
        You sit next to each other watching an endless wall of text appear on
        the screen. Neither of you has any idea whether any of it is true but
        Claude seems very confident.
      

      
        "Let's just turn on ultracode and ask it to
        double-check?"
      

      
        This one will take a while. You start talking about the latest drama on
        X.
      

      You finally get an answer back.

      
        	"Does this make any sense to you?"

        	"I'm not sure."

        	"Didn't you build this like... last week?"

      

      Silence.

      
        This project has become so convoluted, with so many layers and services,
        that no one on your team could possibly start to understand what's going
        on.
      

      So, what do you do?

      
        Fixing it would require such a colossal amount of work that it would be
        impossible to even start justifying it to anyone in management.
      

      
        And what are you even thinking about? It would end up in the exact same
        state again in just a few months anyway.
      

      
        	"Let's just ask Claude to fix it."

        	
          "Okay. I'll create a loop and goal so it doesn't stop until it's
          checked that everything works."
        

        	"Sounds good"

        	
          "Actually, I ran out of Fable usage for today so I'll run it tomorrow"
        

      

      
        You grab another coffee and walk back to your computer. You now have 13
        PRs left to review. You see something you don't quite understand, so you
        message the person who wrote it.
      

      
        	"Why are we doing this here?"

      

      They send you a link. It's a Claude conversation.

      
        Somewhere in that conversation, buried between Claude confidently
        recommending one architecture, apologising, changing its mind, your
        coworker asking it to reconsider again and another 15 rounds of changes,
        is apparently the design decision behind this code.
      

      
        	"Which part should I read?"

        	"Probably all of it."

      

      Does this sound familiar?

      
        Whenever I talk about this, someone eventually tells me that nobody ever
        fully understood large systems anyway. It's true.
      

      
        You were never expected to understand every service and every database.
        But at least someone did and would explain it to you.
      

      Now they ask an LLM because they don't actually know themselves.


      You can't afford bad engineers anymore

      
        In every team, there are competent people who make the project possible.
        There are also people who essentially make it harder for everyone else.
        And now anyone can produce more code in a day than they used to in a
        year.
      

      In the story above, everyone is failing:

      
        	
          The engineer opening a 25,000-line PR should have stopped the agent
          long before it got there. They should have understood what it was
          doing, broken the work into smaller pieces and questioned every new
          abstraction it introduced.
        

        	
          The person reviewing it should have refused to review something that
          large instead of giving in.
        

        	
          The person adding Kafka should have been able to explain exactly why
          it was needed.
        

        	
          The person who built the feature should have been able to explain
          where the data came from without sending a link to a Claude
          conversation.
        

      

      
        But what's the problem then? Just use AI to fix it. Well, it's not that
        easy...
      

      
        Before anyone jumps on this, none of this means technical debt is always
        bad. The important part is that you know it's a shortcut.
      

      Anyway, reverting a bad decision is hard. Very hard.

      
        For example, how long would it take an LLM to add a bunch of tables and
        columns to the database? 10 minutes?
      

      
        But once you start storing data there, you can't just remove them. You
        have to come up with a migration plan, make sure you don't disrupt the
        system because people are paying to use this every day. You have to
        think about what you'll do if the migration fails. Make sure you don't
        end up with orphaned foreign keys. It's just so much harder to fix. Even
        with the best model you can get.
      

      
        And while you're fixing it, more PRs keep coming in. More code, more
        abstractions, more decisions. A person can generate 20,000 lines of code
        in an afternoon, but you still have to sit there and understand what
        those lines actually do.
      

      
        By the time you've untangled one bad decision, five more have been
        merged.
      


      The new AI economy

      Of course, bad engineers were always a liability.

      
        It has been like this for decades, well before OpenAI or Anthropic
        existed. Bad decisions compounded, unnecessary complexity accumulated
        and teams ended up maintaining systems nobody really understood.
      

      
        The difference is that there used to be a limit to how fast you could do
        it.
      

      
        Today, implementation is cheap. You are paid to make good decisions. To
        build software that will scale while managing complexity.
      

      
        Ask yourself why companies are paying six-figure salaries for engineers
        in London or San Francisco in the first place.
      

      
        If all they needed was someone who could turn a specification into
        working code, why were they paying that much when they could already get
        it done cheaply elsewhere?
      

      
        Why are the tech companies claiming that "software is solved" still
        paying top salaries to attract the best people they can?
      

      
        My bet is that AI pushes salaries further apart. To be employable,
        there's a bar you have to clear and that bar is whatever the current
        best model du jour can do.
      

      
        Good engineers have become more valuable because AI lets them move much
        faster. They don't need as many people around them just to do the
        implementation work anymore.
      

      
        At the same time, bad engineers have become much more expensive to hire.
      

      
        I wrote about this before when I said the
        vibe coder career path is doomed.
      

      
        You need to contribute beyond what everyone already gets by giving an
        agent a prompt.
      

      
        If you lack the judgment required to evaluate the LLM's recommendation,
        asking for more judgment doesn't solve the problem.
      

      
        At some point, someone still has to know what is going on. And that's
        the most valuable person on the team.
      

      
        The people who don't will become much cheaper to hire or get replaced
        entirely while the money gets funnelled towards an increasingly smaller
        number of people who can actually be trusted.
      

      
        I don't think this is going to be limited to software engineering
        either. I believe the same thing is going to happen across most
        knowledge work. AI will make the best people much more productive and
        the bad ones almost impossible to hire. Before, there was a good chance
        someone would catch their bad decisions before they went too far. Now
        they can make changes faster than anyone around them can realistically
        review or understand them.
      

    


Original: https://blog.florianherrengt.com/ai-removing-middle-class-software-engineering.html · Discussion
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DeepSeek V4 Pro 0813

openrouter.ai · 560 points · Discussion

Full text couldn't be fetched for this one (paywall, anti-bot, or not an article page). Read it via the links below.

Original: https://openrouter.ai/deepseek/deepseek-v4-pro-0813 · Discussion
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License plate reader searches should require a warrant

andrewpwheeler.com · 462 points · Discussion



		So while I work with police departments regularly, I think it is critically important that technology be used reasonably.

While this may be off-putting to some of my clients, I worked with the Institute for Justice as an expert witness in their trial Schmidt v City of Norfolk. (Any opinions herein are my own and not those of IJ, to be clear.) The gist of that case was whether searches of historically cached ALPR data (automated-license-plate-reader) constituted an illegal search.1

The judge ruled against plaintiffs in that case. Here is a quote from the judgment:


Consistent with Plaintiffs’ claims in this case and controlling precedent involving mass surveillance in public spaces, ALPR surveillance could become too intrusive and run afoul of [constitutional privacy standards] at some point. But when? While a definitive answer to that question is elusive, what is readily apparent to this Court is that, at least in Norfolk, Virginia, the answer is: not today.



The important point to note about this quote is “not today”. This will be a long winded post, but to try to keep it simple:


	I think cameras will become ubiquitous in the foreseeable future. So the question is not if this data will require a warrant, it is when. It is going to happen eventually under current case law.

	I think cameras are good, and can be used to reduce crime in a cost effective manner.

	There is a difference between active flags (e.g. this car is stolen and it pings the PD when it drives past a camera) vs historical searches (e.g. look to see where license plate XYZ1000 was the last 30 days).

	Requiring a warrant for historical searches will not seriously impede police investigations.

	The current status quo of not retaining data is VERY BAD; it does not prevent illegal searches, and currently limits the utility of actually using that data for legitimate investigations.

	Current standards to prevent abuse of the searching ALPR data systems are laughable.



Long story short in my opinion everyone would be better off if states just mandated warrant procedures through state statutes.

Current Legal Standards

To try to not get too much into the weeds of what historically constitutes a search, I think the easiest place to start is via Carpenter vs US. So current US case law requires police departments to obtain a warrant to request cellular providers provide law enforcement with cell phone tower pings (cell-site location information, CSLI).

This deviated from historical precedent in requiring a warrant mainly because it was private companies that had the information. Before Carpenter, mostly it was argued you did not have a reasonable expectation of privacy if a private company could access the same data. The court in Carpenter basically made a determination that cell phone data was so comprehensive it justified a different standard – that you could track the whole of a person’s movements with the detailed CSLI data. And that this level of invasiveness violated a reasonable person’s expectation of privacy. Even if Google had all that info, you did not expect them to give it away.

This opinion was reaffirmed with the recent Chatrie decision (for geofence warrants, e.g. give me a ping for all cell phones in area X and datetime-range Y). Another relevant decision to be aware of is also Beautiful Struggle v Baltimore, in which searching historical aerial imagery via drones also constituted a search.

So this is why I am saying the question is when, not if, ALPR data will require a warrant. If a city happened to have a camera on literally every intersection (which I think will happen in the future), under current case law it would clearly be the same situation as you have for your cell phone data.

Cameras are Good

To be brief, again I mostly work with police departments in my career and was a former crime analyst. I do think ALPR cameras are good investments, mainly because they are cheap enough to have a reasonable return on investment. (Note I do not think this about all police tech, I am particularly critical of the price tag for acoustic-gun-shot-detection.)

So ALPRs are well under $3,000 per camera. The machine learning models, camera, and computation necessary to flag a plate when it passes can easily fit on current cell phones. (The harder part is powering the phone and protecting it from the elements.) ALPRs for the most part just take static images and then extract out the license plate (and for some vendors extract out additional information, like car make and color).

The overall evidence that ALPRs reduce crime is pretty meh at the moment (see my slides at a Wake Libertarian talk I did in 2024), but because they are so cheap they really only need to increase a few arrests per camera to likely have a positive return on investment.

It is pretty hand-wavy, as we do not have estimates for the value of increased clearances I find persuasive. But I think saying “I would pay $500 to help solve one case” is on the low side if anything. So a single camera if it helps catch just a handful of crimes a year is likely in my opinion to be a positive ROI.

I think cameras in all public spaces are going to happen. Imagine Ring comes out with a nicer camera system for homeowners that has more comprehensive views around your house and is just as cheap. And we will ultimately be safer for it. So even for folks advocating that cities do not pay for Flock, this is coming anyway in the near future.

Historical Searches vs Active Flags

ALPRs have been around a long time. The first ones I worked with at Troy, NY when I was an analyst were in-car cameras. Basically a go pro attached to the window that alerted when an officer drove by a stolen plate.

While ALPRs initial use was always pitched as this active flagging of stolen vehicles, they were used right away to retroactively search the historical locations of plates. They had a log of every plate, lat/lon, and timestamp of when that car passed a camera.

So imagine you are conducting an investigation of Joe Schmo, you know his license plate, and then you can type in his plate and see where his car passed a camera. Based on this information, same as CSLI data, you can basically trace where Joe went, where he repeatedly visited, where he likely slept, etc. (The first time I used this at Troy, we figured out a particular individual we were actively investigating was living with his girlfriend for example. I was honestly amazed how densely filled in the map was of hits for a single plate based on the in-car cameras.)

You technically do not need to cache any data at all to accomplish this “flag a stolen vehicle” (or any other scenario where you are actively looking for a specific license plate). There are legitimate scenarios though where ALPR searches for recent data in a real time context can be very helpful.

One of the more common examples – someone robs a gas station, and they drove a vehicle. You don’t know the plate, but can look at the images that passed by the fixed location ALPRs in the time range, and then especially if you have a car description from the gas station attendant can figure out the plate associated with the vehicle.

To be clear I am not a lawyer, but in my opinion I think exigent circumstances make searching a few minutes of cached ALPR location data totally reasonable. In practice, New Hampshire’s 3 minute data retention is far too short. I could see arguments for several hours (imagine “I found a dead body on the side of the road”, that requires more time for it to be reported.) But we are meandering into the territory where it is not an active emergency “need to find someone who may have a gun and hurt people” that would justify those exigent circumstances. Those are the scenarios where getting a warrant is reasonable (no different than a geofence warrant if you do not have a plate and want to just search what cars passed by a camera within a certain date-time window, or no different than a CSLI warrant if you have an active suspect and want to search for a specific license plate).

Most states are retaining ALPR data for longer periods. While the Norfolk case was ongoing, Virginia set a standard across the state at 21 days. Before that it was up to the individual agency. It varies state by state, but states often mandate data retention around 30 days, or leave it up to the discretion of the police department.

Deleting Data does not prevent abuses

These data retention statutes are argued as a mechanism to prevent abuse. They do not accomplish this.

If you look through the cases in which officers abused the system to search for individuals, all of them searched for specific plates over-and-over again, sometimes hundreds of times.

If you retain data for 20 days, you can just go and do a search every 20 days, keep notes on the data as you so wish, and then do another search 20 days later. Getting rid of old data, in-and-of-itself, does nothing to prevent that abuse. In fact if someone is actively stalking a person, you would expect them to regularly do searches, seeing where their victim is going on a regular basis while they have access to the system.

Simultaneously, deleting data does prevent its legitimate use in long term law enforcement investigations. It is totally normal for a murder investigation to take more than 30 days to identify a suspect. Gosh, sure would be nice to be able to then query the ALPR data to show whether a person was in the vicinity of the murder. Simultaneously it could be used by the defense for exculpatory purposes (which assuredly would take longer than 30 days).

So folks advocating for deleting data as a mechanism to prevent abuse are making things worse. It does not prevent abuse, and limits the utility of ALPR for historical investigations. The only way data retention by itself prevents abuse is if you do not cache data at all (like in New Hampshire), and only use ALPRs for the active alert situation.

What Smart Regulation Looks Like

One of the reasons I say that the current standards to prevent abuse are laughable is that data retention policies and internal PD policies on when the data should be searched have been in place in most departments for years (if not a decade) at this point. The examples where searching ALPR data to stalk an intimate partner were obviously not prevented via data retention policies.

Alas, my suggestion that some data is cached for real time investigations (longer than 3 minutes), and that a warrant should be required outside of this window, does not prevent that type of abuse either. Most departments have in place reasons why a search can be conducted, and some states have specific statutes identifying impermissible reasons for conducting searches. In the Norfolk IJ case, officers, when entering a reason for a search (which was often omitted), sometimes supplied reasons that appeared prima facie illegal, such as “protest”.

Departments, even if they have a standard to do internal audits, often do not follow them. It took Tyler Dukes asking Raleigh PD for their audit results for them to even conduct their first audit.

This is a long standing problem for PDs, not just with ALPRs, but also with searching criminal history illegally. IJ collating a dozen cases of arrests of ALPR misuse across the country is not evidence these systems are working, as it is likely the case that only the most egregious abuses are ever caught.

In addition to creating state statutes to mandate that a warrant be used for historical ALPR searches, states should, at a minimum, have clear punishments for illegal searches. These should include at a minimum losing your job, and being banned from accessing the system forever. When I was a crime analyst in New York (and ditto for when I worked at DCJS), this was the standard for misusing the criminal history search database.

If there is a standard for just retaining active search data for less than 24 hours, it does present a potential simple check that should be flagged – if a specific plate or specific camera is searched twice within 2 days, it should be flagged to review more closely. Flock does have their own system to identify suspicious search history.

The bigger issue to me though is who is doing the reviewing. It does not make sense to put this on vendors, and PDs just have not seriously devoted resources to this, even in response to public criticism. This audit mechanism should be delegated to a third party, either a specific group in the state attorney general’s office, or a state criminal justice agency (like DCJS in New York).

So that of course needs to be explicitly set by state statute as well. Who is doing the auditing?

My focus so far has been on abuses via police departments themselves, but smart regulation should also specify auditing of the vendors themselves, as well as punishments if they fail to meet data standards. (I am not thinking so much TEMPEST attacks here, but more so “I left an unauthenticated endpoint willy nilly on the internet”.)

Indeed, many of the requirements I am suggesting are likely already on the books; the problem is that the entity responsible for auditing is often unspecified or lacks the resources to do the work. (Also it is often unclear what the punishments are for failing to abide by statutes. That also needs to be specifically stated.)

The Future

So while I hope (although I have no expectation) that my blog post can somehow influence current standards across the country, I think it is important to keep in mind surveillance not just as the world exists now, but how it may look in the foreseeable future.

I think states should just pull the band aid off and create statutes that require a warrant to search the historical ALPR data. (And this makes data sharing between agencies mostly moot, the real time searches only need to be done within your own jurisdiction.) Like I said at the beginning, the current case law on being able to reconstruct the whole of a person’s movements (which I think is quite reasonable) will eventually be met if the ALPR cameras become dense enough. So states can either create the statutes to dictate that a warrant is necessary themselves, or eventually have the court system thrust it upon them.

In a world filled with privately owned cameras in public spaces, I think these suggestions are still relevant. So similar to Carpenter for CSLI data, and Chatrie for geofence warrants, there should just be warrant standards for historically searching any surveillance footage. There need be no special distinction between ALPR data (public or private) or video cameras.

Even if the groups calling for the banning of Flock cameras get their way, this does not stop private owners from collecting the data. So banning Flock, by itself, does not prevent abuse of searching private cameras. Again I think it is better to just let the government retain the data (same as private vendors will retain the data), and have consistent warrant standards for police to obtain that historical data.

This, of course, is a burden to detectives. I believe that trade-off in protecting our personal liberties while still allowing police effective means to investigate cases is a reasonable one.





	
There are some technicalities between whether just collecting the data is a search (which was the scenario in the Norfolk case) or whether doing an active search (e.g. an officer querying the system for license plate ABC1234). The Norfolk case was the former, but for this post I am focusing on officers actually searching the data (the latter scenario).↩︎






		



Original: https://andrewpwheeler.com/2026/08/12/license-plate-reader-searches-should-require-a-warrant/ · Discussion
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2026 Eclipse Webcams

jonty.github.io · 434 points · Discussion

Full text couldn't be fetched for this one (paywall, anti-bot, or not an article page). Read it via the links below.

Original: https://jonty.github.io/2026_eclipse_webcams/ · Discussion
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Qwen3.8-2.4T

huggingface.co · 359 points · Discussion

https://huggingface.co/Qwen/Qwen3.8-2.4T-A95B-FP8

Original: https://huggingface.co/Qwen/Qwen3.8-2.4T-A95B · Discussion
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Grok 4.6

x.ai · 281 points · Discussion

Today we are releasing Grok 4.6. Grok 4.6 builds on Grok 4.5 with a particular focus on long-running agents and more ambitious interactive and visual work. It stays with complex tasks across many steps, whether researching a topic, analyzing information, working across a codebase, or turning an idea into a polished application or work artifact.


Grok 4.6 achieves frontier intelligence across several agentic coding and knowledge work benchmarks. It matches GPT-5.6 Sol on the Artificial Analysis Intelligence Index, which is a composite score of nine benchmarks.


Competitor figures are drawn from the respective developers’ published system cards or benchmark leaderboards

Benchmark bar charts comparing Grok 4.6 with other leading models across AA Intelligence, GDPVal-AA, DeepSWE 1.1, CursorBench 3.2, and FrontierCode 1.1. Competitor figures are drawn from the respective developers’ published system cards or benchmark leaderboards.
Grok 4.6 is available today in Cursor and Grok Build. We’re offering 2x included usage inside Grok Build and Cursor for the first week so you can start trying 4.6 immediately.

Training Grok 4.6

Grok 4.6 underwent a longer supplemental training run than Grok 4.5, with curated model-generated data for reasoning and advanced technical concepts, high-quality engineering data, and an improved optimizer and training recipe. This produced a stronger foundation for the SFT and RL stages that followed.

We then used Grok 4.5 to regenerate the SFT trajectories across reasoning efforts, agent harnesses, and domains such as STEM, software engineering, and knowledge work, and filtered out problematic traces with model-based checks. The resulting SFT checkpoint shows strong performance and improved behavior.

Grok 4.6 is trained on a wide range of agentic RL tasks, including knowledge work, general coding, and domain-specific environments for kernel optimization, web development, computer-aided design, and more.

Turning ambitious ideas into working projects

We tested Grok 4.6 on projects designed to stretch its range and ability to sustain work over many steps. We found the model is especially strong at turning a broad product idea into a working first version. It can research unfamiliar domains, structure the application, implement the core interactions, and continue refining the result through several rounds of feedback.

On longer trajectories, we also started to see more self-testing and verification, with the model checking its own work before moving on.

Grok 4.6 produces stronger first passes on visual and interactive projects than we typically saw with Grok 4.5. Given a concrete product idea, it is able to establish structure and visual language for an application in one pass. This has made it especially useful for projects where the fastest route to a good result was to begin with something substantial and then iterate in the loop.


Safety and capabilities

Grok 4.6’s safeguards have been improved and calibrated in line with the model’s capabilities.

Our safety stack is designed to maximize utility and security across legitimate use cases, allowing Grok 4.6 to be helpful and safe in domains such as vulnerability patching, accelerating the engineering design cycle, and augmenting AI research.

Our safeguard evaluation work reflects Grok 4.6’s expanded capabilities, with our widest-ever suite of pre-deployment testing for capabilities and safeguard calibration, as well as extensive post-deployment and third-party testing.

Evals


Grok 4.6 High

Grok 4.5 High
GPT-5.6 Sol Max
Fable 5 Max

AA Intelligence Index
61

56
61
62


GDPVal-AA v2
1753

1526
1728
1741

CursorBench v3.2
69.9%

66.7%
67.2%
70.5%


DeepSWE v1.1
65.9%

54%
73%

70%

FrontierCode v1.1 (Extended)
61.3%

56.6%
60.6%
63.6%


APEX-Agents
57.5%

47.1%
56.7%
59.2%


Terminal-Bench v3.0
26%

15.7%
34.6%

34.1%

APEX-SWE
56.4%

53.6%
—
58.8%


AA-Briefcase
1577

1313
1502
1574

Harvey LAB (Vals)
15.8%

12.9%
2.5%
11.3%


Best score per evaluation in bold. Third-party model scores are the best of self-reported or publicly available results.


Get started with Grok 4.6

Grok 4.6 is available today in Cursor and Grok Build. It’s also available in the API and other partners like OpenRouter, Vercel, and Cloudflare.

Pricing starts at $2 per million input tokens and $6 per million output tokens. Additionally, there is a fast variant which is twice the price.

We’re offering 2x included usage inside Grok Build and Cursor for the first week so you can start trying 4.6 immediately.

Create an API Key
Start building with Grok 4.6 today via the SpaceXAI API.

API Docs
Read the docs and integrate Grok 4.6 into your stack.



Try it in Grok Build for free
Get started today at x.ai/build.






Original: https://x.ai/news/grok-4-6 · Discussion
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Grok 4.6 scores 61 on the Artificial Analysis Intelligence Index

artificialanalysis.ai · 246 points · Discussion

SpaceXAI's Grok 4.6 scores 61 on the Artificial Analysis Intelligence Index, joining the frontier in line with GPT-5.6 Sol, with standout agentic performance at lower cost

Grok 4.6 gains 5 points over Grok 4.5 on the Intelligence Index just over one month after its release, or +23 points compared to Grok 4.3. This brings SpaceXAI back to the intelligence frontier alongside OpenAI, behind only Anthropic.

Key takeaways:
➤ Grok 4.6 joins the frontier of the Artificial Analysis Intelligence Index: It scores 61, in line with GPT-5.6 Sol (max), behind Claude Opus 5 (max, 63) and Claude Fable 5 (max with fallback, 62), and just ahead of Kimi K3

➤ Strong agentic performance: Grok 4.6 achieves a GDPval-AA v2 Elo of 1753, behind only Claude Opus 5 and with overlapping confidence intervals with Claude Fable 5 and Qwen3.8 Max. It scores 50.7% on 𝜏³-Banking, among the top two scores alongside Qwen3.8 Max (51.3%), and 88.4% on Terminal-Bench v2.1, in line with the leading models

➤ Frontier-level intelligence at lower cost: Headline pricing is unchanged from Grok 4.5 at $2/$6 per 1M input/output tokens, 60%+ below Claude Opus 5 ($5/$25) and GPT-5.6 Sol ($5/$30). It cost $0.84 per task, the same as Kimi K3 with slightly higher intelligence, placing it on the Intelligence vs. Cost per Task Pareto frontier

➤ Grok 4.6 sits at Fable 5-tier on AA-Briefcase, our private benchmark of long-horizon agentic knowledge work tasks, with an Elo of 1577 - behind the Claude Opus 5 family. It is notably turn-efficient, completing tasks in ~53 turns and ~0.5B input tokens on average vs. ~103 turns and ~2.0B input tokens for Claude Opus 5 (max)

Other model details:
➤ Context window of 500k tokens (unchanged from Grok 4.5)

➤ Pricing of $2/$6 per 1M tokens of input/output; cache hits discounted to $0.5 per 1M tokens, an increase over Grok 4.5’s $0.3 per 1M tokens for cache hits


Agentic performance

Grok 4.6's strongest results are on agentic work rather than static reasoning. On GDPval-AA v2, our leading measure of real-world agentic knowledge work, it scores an Elo of 1753 - behind only Claude Opus 5, and statistically indistinguishable from Claude Fable 5 and Qwen3.8 Max given overlapping confidence intervals.

The pattern holds across task types. 𝜏³-Banking (50.7%) tests multi-turn customer service with tool use and places Grok 4.6 in the top two, while Terminal-Bench v2.1 (88.4%) puts it level with the leaders on terminal-based software tasks. Few models are simultaneously competitive across knowledge work, customer service and terminal use; combined with its pricing, this places Grok 4.6 on the cost vs. performance Pareto frontier for every agentic evaluation in the Intelligence Index.



Cost

Holding headline pricing flat across a generation is unusual at the frontier, where intelligence gains have typically been accompanied by price increases. Grok 4.6 delivers a 5-point Intelligence Index gain at unchanged $2/$6 pricing, and our measured cost per task of $0.84 reflects both that pricing and reasonable token efficiency.

The comparison that matters for buyers is against the models scoring within two points of it: Claude Opus 5 at $5/$25 and GPT-5.6 Sol at $5/$30. Grok 4.6 offers effectively the same Intelligence Index score as GPT-5.6 Sol at a fraction of the output token price, which is the dimension that dominates cost in reasoning-heavy workloads.



Long-horizon knowledge work

Grok 4.6 debuts on AA-Briefcase, our private benchmark of long-horizon agentic knowledge work tasks, with an Elo of 1577. This places it at Fable 5-tier, behind the Claude Opus 5 family, with consistently strong performance across rubric grading, presentation quality and analytical quality rather than strength in one dimension offsetting weakness in another.

The efficiency profile is as notable as the score. Grok 4.6 resolves tasks in ~53 turns and ~0.5B input tokens on average, against ~103 turns and ~2.0B input tokens for Claude Opus 5 (max). Long-horizon agentic work accumulates context rapidly, so a model that reaches a comparable answer in half the turns and a quarter of the input tokens has a cost advantage well beyond its per-token pricing.



Full results

Full breakdown of the individual evaluations in the Artificial Analysis Intelligence Index:



See Artificial Analysis for further details and benchmarks of Grok 4.6: https://artificialanalysis.ai/models/grok-4-6




Original: https://artificialanalysis.ai/articles/grok-4-6-benchmarks-and-analysis · Discussion
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Show HN: Woxi - Open-source Mathematica / Wolfram Language reimplementation

woxi.ad-si.com · 234 points · Discussion

Woxi is an interpreter for the Wolfram Language written in Rust.It comes with Woxi Studio, a Mathematica-like GUI built with iced, but you can also use Woxi through a CLI, Jupyter kernel, Python package, npm package, or WASM module.
Compared with wolframscript / Mathematica, the main differences are:
- Free and open source
- Very fast startup - Typically milliseconds rather than seconds for the Wolfram kernel, making Woxi practical for shell scripts, one-liners, and other short-lived processes
- Embeddable - It can run in a browser via WASM or be embedded into another application as a scripting language
A more detailed comparison with Mathematica is available here:
https://woxi.ad-si.com/docs/comparison/mathematica/.
Conformance is ensured with ~26'000 unit tests and ~900 .wls script snapshot tests.
The current focus is on fixing remaining edge cases, improving performance, and growing the community.
If you use the Wolfram Language, I'd be particularly interested in feedback on compatibility and missing functionality.
Contributions and bug reports are also very welcome: https://github.com/ad-si/Woxi


Original: https://woxi.ad-si.com · Discussion
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What sort of maths are LLMs good at?

gowers.wordpress.com · 218 points · Discussion


				
For the sake of anyone who might read this blog post in the distant future (a month from now, say), let me mention that I am writing it a few days after OpenAI announced that it had solved ten major problems in mathematics and theoretical computer science, including the first construction of a non-sofic group, and a proof that the multicolour Ramsey number  (where there are  3’s) grows superexponentially in . The first was, to judge from various talks I have been to, one of the most important unsolved problems in group theory, and the second was a major open problem in Ramsey theory that I didn’t necessarily expect to see solved in my lifetime, though of course such expectations now have to be revised. The reason I want to be clear about the timing is that I shall be discussing the current capabilities of LLMs in the full expectation that those will continue to change rapidly. So it is likely that in not too long from now, if there is anything interesting in what I write, it will be interesting mainly as a record of what the situation looked like in early August 2026.




These results, and the other eight on the list, are extraordinarily impressive, but it still doesn’t seem to be the case that LLMs are better than all humans at all aspects of mathematics. If they were, then their big speed advantage over us would mean that there would be much more of a flood of results. So it is natural to wonder about what kinds of problems LLMs are good at, and about where there is still room for improvement. I don’t pretend to have a good answer to this question, where a good answer would be a crisp classification that would fit the current examples well, but it is an interesting exercise to try to rule out some bad answers, and to try to identify potential answers that aren’t obviously contradicted by the evidence.




Are LLMs particularly good at finding counterexamples?




A first remark here is that LLMs are not just good at finding counterexamples: they can find proofs of difficult statements as well. However, it is notable that the most famous problems they have solved have almost all been with counterexamples rather than proofs. That is true of the two problems mentioned above, and also of the Jacobian conjecture and the unit distance conjecture.




If one wants to theorize that LLMs are particularly good at finding counterexamples, then there are two things it would be good to do to make the theory more convincing. The first may sound unproblematic: it is to decide when solving a problem counts as finding a counterexample. Once that is sorted out, the second is to come up with a potential explanation of why LLMs would be particularly well suited to solving problems of that particular kind.




What does it mean to find a counterexample?




Why am I suggesting that it is not completely obvious what it means to find a counterexample? Surely, one might suggest, all it means is that you have a statement of the form “Every object of such and such a type has such and such a property,” and you exhibit an object of the given type that does not have the given property.




However, this doesn’t always work. Consider a famous result of Vinogradov, which states that every sufficiently large positive integer is a sum of three primes. The negation of this statement is (or is equivalent to) the statement that for every positive integer  there exists an integer  such that  is not a sum of three primes. In other words, it states that every positive integer  has a certain property. Seen in this light, Vinogradov found an example of a positive integer  that does not have the given property. Do we want to say that Vinogradov found a counterexample? Clearly not — the result should obviously be classified as a theorem and not a counterexample.




Thus, we cannot just naively say that LLMs are particularly good at negating universally quantified statements: there has to be something about the nature of the universal quantification. With the three-primes example, it is clear that Vinogradov did not think,  “How am I going to find  with this property?” Rather, what he thought would have been more like, “I’ve got an integer  that is very large. How am I going to show that it is a sum of three primes?” In other words, all his focus would have been on the universally quantified , with the existentially quantified  being a sort of afterthought once the details of the proof have been worked out.




In general, many interesting results, when they are stated formally, begin with an alternation of two or three (or more) quantifiers. The question then becomes to determine which is the first “interesting” quantified variable in some sense. Here’s another example to illustrate the point, from the theory of finite-dimensional normed spaces. I’ll give a few mathematical details for those curious, but if you don’t care about those, then you can skip the next three paragraphs and should get the gist of what I am saying about this example.




Let  and  be two -dimensional normed spaces and let  be a linear map from  to . We say that  is a –isomorphism if there exists  such that  for every . By rescaling we can always take  to be 1, in which case we have that  for every . If , then this tells us that  is an isometry. In general, the Banach-Mazur distance  between  and  is defined to be the smallest  such that there exists a -isomorphism from  to . It is easy to see that the logarithm of the Banach-Mazur distance is a metric on the set of isometry classes of -dimensional normed spaces. A less easy fact, but still not too hard, is that the resulting metric space is compact: in fact, it is known as the Banach-Mazur compactum.




It is natural to wonder what the diameter of the Banach-Mazur compactum is, and here things get interesting. A result of Fritz John states that every -dimensional space  has distance at most  from . (The idea of the proof is as follows: pick inside the unit ball of  an -dimensional ellipsoid of maximal volume; that is the unit ball of a normed space  that is isometric to ; it can be shown that the identity map is a -isomorphism between  and .) From Fritz John’s theorem and the (multiplicative) triangle inequality, it follows that  for any two -dimensional normed spaces. That is, the diameter of the Banach-Mazur compactum is at most . But might it be substantially less than that?




An indication that the answer is not obvious comes from looking at the spaces  and . The identity map between these two spaces is an -isomorphism, but one can do much better by mapping the standard basis vectors not to themselves but to vertices of the unit cube, with the vertices chosen to be as orthogonal as possible. In particular, if there exists an  Hadamard matrix, then the corresponding linear map is a -isomorphism. One can push this observation and deduce that for any  the Banach-Mazur distance between  and  is . It is also easy to show that , so -spaces hardly improve on the easy lower bound, and do not improve on it at all in dimensions  for which an  Hadamard matrix exists.




In 1981, Gluskin famously solved the problem by determining the correct asymptotics for the diameter of the Banach-Mazur compactum. Informally, what he showed was that the diameter is within a constant of the upper bound that follows immediately from Fritz John’s theorem. If we make the quantification explicit, then the statement we end up with is




,




where I have written  for the set of all -dimensional normed spaces. (If you want to argue that it is not a set, then let me specify in addition that the underlying vector space is .) In words, there is a positive constant  such that for every positive integer  there are -dimensional normed spaces  and  such that the Banach-Mazur distance between  and  is at least .




I can’t continue without very briefly describing the beautiful and highly influential idea Gluskin had for solving this problem. He took  and  to be normed spaces whose unit balls were random symmetric convex sets defined as follows: take the standard basis vectors and a handful of other random unit vectors, as well as the negatives of all these vectors, and take the convex hull. Gluskin then showed that if two normed spaces are chosen from this distribution, then with high probability their Banach-Mazur distance is at least .




But back to the main point, which is that the logical form of the above statement is very similar to the logical form of Vinogradov’s theorem, which is









where I have written  for the set of primes. And yet, Vinogradov’s result is unquestionably a theorem, while Gluskin’s result is unquestionably a counterexample, or at least an example.




What is the important difference between the two statements? It seems to be that in Vinogradov’s three-primes theorem the number  plays a more essential role in the statement that is to be proved about the various quantified variables. In Vinogradov’s theorem, that statement is , whereas for Gluskin’s theorem the statement to be proved is




 and ,




which we can write equivalently as




 and .




In the case of Vinogradov’s theorem, the whole challenge is to get those three primes to add up to , whereas for Gluskin it is not remotely challenging to get the dimensions of  and  to equal : the challenge is to get  and  to be very far from each other, relative to their common dimension.




There is a further complication to bear in mind here, which is that via the process known as Skolemization, a universally quantified statement of the form  can be converted into an existentially quantifed statement . (For this to be an equivalence one needs the axiom of choice, but it is certainly a sufficient condition.) This is not just a piece of logical trickery, but it often reflects quite accurately how we think about some problems. For instance, it is more natural to think of Gluskin’s example as a recipe for constructing (or at least proving the existence of) a pair of suitable normed spaces for any given dimension , or in other words to construct a suitable function from  to pairs of normed spaces by giving its value at each , than it is to think of it as a statement that says that every positive integer  has a certain complicated property.




Yet another complication is that some universally quantified statements follow naturally from existentially quantified statements, or may even be equivalent to them. For example, the theorem that a 2-dimensional torus is not homeomorphic to a 2-dimensional sphere is a universally quantified statement (every map from the torus to the sphere fails to be a homeomorphism), but the natural way to prove it is to prove the existential statement that there is an invariant that distinguishes the two spaces. For an example of where a universal statement is equivalent to an existential statement, consider a statement of the form that a vector  does not belong to the convex hull of a certain compact set . The statement that no convex combination of elements of  is equal to  is equivalent to the existence of a linear functional  and a  such that  and  for every . In both these cases it feels natural to regard the result as a theorem that is proved via an existential statement, perhaps because it is the theorem that is ultimately what interests us. But using “what interests us” as a criterion to determine what counts as a counterexample seems a little vague, and is a difficult criterion to use if we want to explain convincingly why AI should be good at finding counterexamples.




A more general argument against the notion that there is something about existential statements that is particularly suited to AI is that the need to establish existential statements pervades almost all of mathematical research, regardless of the nature of the headline result being aimed for. For example, if I want to prove a statement by induction, I may well look for a strengthening of the statement that serves better as an inductive hypothesis. Or if I want to prove that every object of type  with property  also has property , then I may well look for a property  that follows from  and can be used to prove . These are more metamathematical existence problems, but the distinction can be somewhat blurred, and more importantly, when trying to prove a statement , it is often the case that the main question in our minds is less, “Why is  true?” and more, “What could a proof of  be like?” To give an example, I feel I understand pretty well why Goldbach’s conjecture is true — a highly plausible probabilistic model of the primes implies it and agrees closely with computational data — but if I were making a serious attempt to prove it, that understanding, which many mathematicians have had for a century or so, would be of limited help. Rather, my main task would be to try to find proof techniques that were powerful enough to make these heuristic ideas rigorous.




What is the difference between an example and a counterexample?




Logically, every statement of the form  is a counterexample to the universally quantified statement . However, we do not describe all existential statements as counterexamples. For example, if I were to say, “The -spaces with  are all separable, as is , but  is not separable,” I would not describe the second part of that assertion as a counterexample to the claim that all Banach spaces are separable. Rather, I would present it as probably the most basic example of a non-separable space. The important point seems to be that there was no particular reason to think that all Banach spaces would be separable, and finding an example of a non-separable space is not very difficult.




I think the first point is more important here: we are more inclined to call an object a counterexample if the existence of that object disproves a statement that we had quite good reason to believe. It often happens that after repeated unsuccessful attempts to prove a statement, mathematicians begin to feel that it has no particular reason to be true, even if it seems to be hard to come up with a counterexample to it. In such a situation, if a counterexample is eventually found, it may have lost something of its “counter” feel. My impression is that the construction of a non-sofic group comes into this category. There have been several proposals in the literature for how one might construct such a group, and I don’t think there were many (or even any?) experts who strongly believed that all groups were sofic. So it feels more natural to say, “OpenAI came up with the first example of a non-sofic group” than to say, “OpenAI found a counterexample to the soficity conjecture” (despite the fact that that section of their paper is entitled “A counterexample to the soficity conjecture”).




Likewise, it seems to me that the new lower bound for multicolour Ramsey numbers is more of an example than a counterexample. I think quite a lot of people believed that the bound should be exponential, so for them it was a counterexample, but others, myself included, were more neutral about it. As a matter of fact, I have worked on the problem in the past (a long time ago) in an equivalent formulation, which asks how many triangle-free graphs on  vertices you need if you want their union to be the complete graph . If you take bipartite graphs, then it’s easy to see that you need  of them, but that bound can be improved if instead you observe that a complete 5-partite graph can be written as a union of two triangle-free subgraphs, and therefore it is possible to write the complete graph as a union of  triangle-free graphs. It is then tempting to try to do better, with triangle-free graphs that are less dense but that make up for it with unbounded chromatic number — a necessary condition if one wishes to use a sublogarithmic number of graphs, which is equivalent to showing a superexponential lower bound for . All this is to say that when I worked on the problem, my efforts were concentrated on what turned out to be the right direction, so for me OpenAI found an example of what I (weakly) expected, rather than a counterexample.




Where does this leave us?




I would like to find a coherent explanation of the conjunction of the following facts.





	The most notable mathematical results proved by LLMs have tended to be ones that we would classify as examples or counterexamples, where counterexamples are, broadly speaking, existence statements that disprove statements that we expected to be true.




	Many statements can be formulated as existence statements when we would usually think of them as universal statements, and vice versa, so what we consider to be an example depends on the mathematical context of a statement as well as its logical form.




	LLMs are pretty good at proving universal statements as well: it’s just that the strongest statements they have proved that we would think of as theorems have mainly not been at the level of the strongest statements that we would think of as counterexamples.






Given these facts, it seems likely that what LLMs are good at is something else, which happens to have as a consequence that they are good at the kind of existence problem that we would normally classify as asking to find a non-trivial example.




Let us consider two things that we can be confident that LLMs are good at. One of them is knowing a lot of mathematics: if a problem can be solved by means of a relatively standard argument, it is highly likely that an LLM will be able to find and use that argument. The other is the ability that an LLM has simply by virtue of being a computer: it can work at huge speed (compared with humans at least) and can therefore afford to make a large number of unsuccessful attempts at a problem before it finds a solution.




Without even looking at what LLMs have actually managed to solve, one might guess that these two features would lead to their having a somewhat different style from human mathematicians. Very roughly, LLMs would have the edge when there is more of a probabilistic element to the proof-finding process: they would be good at problems for which the best method is to try a lot of ideas, not necessarily particularly novel, until at some point you get lucky. Humans on the other hand would be better (for the moment) at finding more “surprising” and “conceptual” arguments, where the appropriate method is to dig deeper and deeper into a problem until the solution reveals itself. (It is hard to say exactly what this means, but I hope that any experienced researcher reading this will know what I am talking about.)




This raises two questions: does the guess above correspond at all to the reality that we are observing, and is there any reason to suppose that what I have tentatively described as the “LLM style” of doing mathematics would lead naturally to LLMs discovering several counterexamples (or just examples) to long-standing conjectures, even if that was by no means all they could do?




I don’t pretend to have a scientific answer to either question, but the reactions of experts to several of the remarkable solutions that ChatGPT has found do lend some support to the idea that LLMs work in more of a try-lots-of-things-till-you-get-lucky way. People often seem to react by saying something like, “Initially I was amazed that the problem had been solved, but on closer inspection I realized that the approach was actually not all that novel, and one that with the right small hint a suitably expert human could have found quite easily.”




For the second question — whether the LLM style is well suited to finding (counter)examples — I think matters are less clear, because there are many ways of searching for a counterexample, and some of them fit better than others the style I have described. Here are a few general methods. (I don’t claim that the list is exhaustive.)





	Look for an off-the-shelf example. Here one has a stock of fairly standard examples and one simply tries them out one after another to see whether any of them fails to satisfy the given statement. For example, Ryan O’Donnell ends his wonderful book on the analysis of Boolean functions with some tips, one of which is, “If you have a conjecture about Boolean functions, test it on dictators, majority, parity, tribes (and maybe recursive majority of 3). If it’s true for these functions, it’s probably true.”




	Build an example from basic examples and standard construction methods. For an algebraic problem, for instance, one might start with some standard examples, but then take products or quotients or limits.




	Make heavy use of metavariables. The word “metavariable” comes from computer science, and in particular from automatic theorem proving, and refers to the practice that in mathematics would correspond to writing, “where  is to be chosen later,” (in which case  is the metavariable). In a paper we usually do this only in fairly simple situations such as when we need to choose a number  that is small enough for later arguments to work. But when we search for an example of an object  that satisfies some property  (which may well be a conjunction of simpler properties ), it is often not a good strategy to specify  completely and only then to check whether it satisfies . Instead, it can be more fruitful to do almost the opposite: we start by saying virtually nothing about  and simply launch into proving that it satisfies . In the course of doing so, we find that we need  to satisfy a property . If we are lucky we can describe in a nice way a very general class of objects  that satisfy . For instance, we may be able to find a parametrized class: we identify some function  and show that  satisfies  for every  of a certain type. The problem is then reduced to finding  such that $Q(f(y))$ holds, which is a more specific version of the original problem. There may be many iterations of this process, or a mixture of this process and other processes, before an example is eventually found.




	Try to prove the opposite. If one wishes to find  such that , it can be surprisingly helpful to start by attempting to prove the statement . The reason this can be helpful is that using our standard methods of attempting to prove something, we may end up identifying a key lemma that would suffice: that is, we may find an intermediate property  that implies  in a non-trivial way and thus reduce the problem  to . Turning things round again, it may well then be that finding a counterexample to  is easier than finding a counterexample to  (that is, an example that satisfies ). Of course, there is no guarantee that a counterexample to  will be an example of , but sometimes we are lucky and it is. More often, we can use the idea of the previous method, noting that it is at least a necessary condition of an example of  that it should not be an example of , so one can try to describe a general class of objects that fail  and in that way reduce the problem.




	Successive approximation. Sometimes, when we are searching for an example of  such that , we write down a moderately plausible guess  not because we think it has a chance of working (if we did, then we would be using the first strategy), but because we hope that if  does not satisfy , then we will be able to diagnose what went wrong and specify a new guess  that does not have that defect. Again, this strategy can either be iterated or combined with one or more of the other strategies.




	Just-do-it proofs. Sometimes we need  to satisfy infinitely many properties , each of which is, individually, quite easy to satisfy. In such situations, we often “build”  inductively bit by bit, ensuring at the th stage of the process that however the building process continues,  will satisfy .




	Pick a random example. Often it is very hard to give an explicit example of an  that satisfies , but there is a natural probability distribution for which one can show that if one chooses  randomly from that distribution, then with high probability (or at least non-zero probability) it will satisfy .




	Pick a generic example. In more infinite contexts, it may again be quite hard to give an explicit example of an  that satisfies , but one may be able to show that the set of  that fail  is or measure zero, or is a meagre set, or is small in some other way.






There is no particular reason to suppose that LLMs would be equally good at each of the methods above. So perhaps what we are observing is not quite that LLMs have a particular ability to find examples, but more that they are particularly good at finding examples (and proofs) in a certain way. Looking at the above techniques, one might imagine that they would be very well suited to checking off-the-shelf examples, finding just-do-it proofs (since that is a rather standard method with lots of instances in their training data), using the probabilistic method (unless, as often happens, significant new ideas are needed to show that the probabilities work out), and picking generic examples. The other three methods described above — use of metavariables, trying to prove the opposite, and using successive approximation — require more of an ability to judge whether the approach one is taking is likely to be fruitful. Here it seems at least possible that humans will sometimes have an advantage, but the conditions that a problem would need to satisfy are quite stringent. One would need an example to be one that lies at a leaf of a very large search tree — too large to be searched for by a combination of moderate mathematical ability and brute force — but that can be found by a mathematician with a sufficiently good nose for when they are making progress that they can prune the search tree very substantially.




Why wouldn’t LLMs also have that “nose”? I don’t rule out that “nose” is an emergent property of the way LLMs are trained, and that within a year or two they will have it to the same extent that we have it. But for now, in my interactions with ChatGPT, I do have a distinct impression that they haven’t got there quite yet. When I discuss an open problem with 5.6 Pro, I am often presented with approaches that sound promising until I think about them carefully, and then seem quite a lot less promising. And they will also often end a response by saying, “I have not managed to answer the question you asked, but have managed to reduce it to the following much narrower and more precise question,” which sounds very promising until it has happened five times without any obvious progress having been made. It isn’t completely obvious how they will get better at this, since their training data will not be full of examples of fruitful and less fruitful directions to pursue when trying to solve problems: all they will typically see is tidied up proofs that hide the thought processes of their discoverers. Of course, human mathematicians also don’t get to learn much about how to do research from the experience of other mathematicians, and yet we somehow manage to pick it up. But the situation is a little different for us, in that a lot of what we learn is by doing rather than emulating.




Another reason it is not obvious that “nose” is a property that emerges naturally when LLMs are scaled up is that if LLMs make heavy use of their broad knowledge and can afford to do a lot more brute-force search than humans can, then they will lack the incentive that humans have to prune the search tree ruthlessly. It could conceivably be that their successes so far are achieved using methods that for a human would be considered extremely inefficient, but that because of their superior speed and knowledge, the combinatorial explosion these methods will lead to has not yet become apparent. 




It would be very interesting to try to test this experimentally, but it is also difficult, because if an LLM has what looks like the kind of idea that could only be the result of “deep thought” about a problem, we can never be sure that it has actually carried out that deep thought, as opposed to finding a model argument already in the literature, or in other words exploiting the deep thought of a human mathematician. It would probably be easier (but still not easy) to test it by using models that are less powerful than the latest ones and that have been to some extent shielded from the mathematical literature: one could give them a carefully designed suite of problems and see whether the ones that the LLMs solve have particular characteristics. 




It may seem as though I am desperately clinging to the hope that humans will continue to be able to make meaningful contributions to mathematical discovery for a while yet, but while I do indeed hope that, I am not making any assertions of the form “LLMs will never be able to do X”. I think it is likely that they will, and given the pace of progress over the last three years it will probably happen quite soon. But I do think that there may be a hurdle for LLMs to clear and it seems at least possible that it won’t be cleared as straightforwardly as some of the previous hurdles.




In that connection, it would also be interesting to see whether a different reward structure leads to LLMs being able to solve different kinds of problems. For example, if during training an LLM (or machine-learning system of some other kind) is not just rewarded if it ends up with a solution, but also penalized if it explores too many dead ends or if it “cheats” by getting the answer from the literature, perhaps it would be incentivized to go about the research process in a more human way and thereby achieve better results for classes of problems where it is yet to make a big impact. 




If the hurdle is cleared, either by pure scaling up or by some more thoughtful method, it will be quite difficult to know when that has happened, since, as just mentioned, an idea that seems very original and surprising may just be lurking somewhere in an LLM’s training data. But I would be confident that it had been cleared if an LLM were to come up with a proof that was as surprising to me as the solution of the cap-set problem was in 2016: the previous best known bounds were completely eclipsed, the method was utterly different from anything I had thought about trying, and afterwards there was a flurry of activity as people came to understand what this wonderful new technique was capable of.




Conclusion




I wasn’t quite sure where I would end up when I started this post, and now that I’ve got to the end, I feel that my main conclusions are not particularly new or surprising, but I hope that the route to them is of some interest. The main points I have made are the following.





	“Finding an example” is in practice not the same thing as proving a statement that begins with an existential quantifier.




	If it is true that current models are particularly good at finding examples, that is probably not because they have a particular affinity for existential statements, but more because the proof-discovery methods that are appropriate for finding certain kinds of examples play to the obvious strengths of LLMs: wide knowledge and the ability to explore many paths of the search tree that humans would judge to have a low probability of success. 




	It seems likely that LLMs will carry on improving very quickly. However, if, contrary to expectations (mine at least), there turns out to be some residual class of problems (or other mathematical activities) for which humans continue to have the edge for a while, it is likely that those will be problems for which the mysterious human ability to prune the proof-discovery search tree is particularly advantageous: that is to say, problems where the search tree is deep and has a large amount of branching, so that without rigorous pruning a search is not feasible even for a computer. 




	A good sign that LLMs have reached human level for a much wider class of problems will be if they start proving theorems using methods that, like much of the very best human mathematics, are new and surprising but that with hindsight come to seem beautiful and natural. They should also be methods that are difficult to stumble on by accident. It is hard to say precisely what would count as such a proof, but I think we’ll recognise it when we see it.
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Today we're introducing Delta, a multiplayer environment for coding with agents and reviewing what they build, and we're inviting the first users into our private beta. Delta keeps code and conversations connected, so developers and agents can work together with the full context of how the code came to be.


Delta is the second half of a plan we've been executing for years: to build the best place to write code, then make it the best place to talk about code. When we first started out, not everyone understood why you'd want to have a conversation inside your IDE. Then came agents, and now talking about code is how software gets written.

To support our collaborative vision, we built DeltaDB, which replicates the conversation and the worktree together, in real time, for everyone in a thread. DeltaDB works with the git repository you already have. Every edit and conversation is captured between your commits. You can commit and push like you always did, and teammates who never open Delta see a normal git repo.

We could have added DeltaDB to Zed, and eventually we will. But the best possible experience required an entirely new kind of application. Building Zed made performance and craft an obsession for us, and Delta is built on those same principles.


Picking up a thread from a teammate, adding some more comments, and moving forward with implementation.

Review where the work happened

On a commit-based platform, comments attach to snapshots and fall out of date as soon as the code changes. In Delta, you and your team can comment on anything: the conversation, or any line of code in the worktree, whether an agent touched it yesterday or a human wrote it three years ago. Everyone sees every comment in place, anchored to the code as it evolves, connected to the conversations that produced it.

And the agent is right there in the thread, working from the same original conversation and decisions as you. When something looks wrong, you don't reconstruct intent from a diff. You ask the agent to explain it or fix it. Review stays connected to the conversation and code as both evolve.

Over time, that context helps future teammates and agents understand not only what the code does, but why it took its current shape. The history stays with the code in DeltaDB, and it surfaces right where it's relevant.


Adding comments directly in a diff and seeing them replicated in the thread.

Agentic development becomes multiplayer

Invite your team into the conversation with a click. Threads are private until you share them, and only the people you invite can see the conversation and the code. They join as first-class participants who can explore the thread, comment alongside you in real time, or continue a task later. When a teammate picks up the work, they never have to wonder whether the latest code was committed or pushed.

DeltaDB makes the worktree itself collaborative. Every participant gets their own copy of the code on their local machine, kept in sync in real time as the work happens.


Multiple participants iterating on a prompt.

Delta, everywhere

DeltaDB also brings multiplayer to the cloud. Move your work to a cloud runner, close your laptop, and the agent keeps going while its conversation and code stay synchronized with the thread.

Share any thread with a link, and your teammate can open it in a browser without installing anything. Delta.dev isn't a second-class version of Delta built in JavaScript and HTML. We wanted to bring you the same Rust application, compiled to WebAssembly and rendered through WebGL, so your teammate gets the same experience you do.

Delta also connects to third-party agent harnesses, starting with Claude Code. Keep working in the terminal you already use, and your session syncs live into a Delta thread. Share it, and teammates can watch the conversation and code evolve, comment in place, and pick up the work with full context.


Opening a thread in the browser.

An interface built to keep up with agents

Agents produce more text and bigger changes than any human, and most tools cope by hiding things (e.g. collapsing diffs, truncating transcripts, summarizing what you should be able to read). We've spent over a decade building text editors, so this is exactly the problem we know how to solve. In Delta, diffs open in full, transcripts stay whole, and everything renders as fast as your model can emit it.

Showing everything only matters if you can act on it. In most agent tools, the conversation is something you watch. Output streams past, and your only way to respond is the text box at the bottom. Reacting to three parts of a plan means three serial messages, or hoping the answers don't tangle.

In Delta, the conversation is a document, and your cursor works everywhere in it. Move through the thread with the same keyboard motions you use on code. When you want to respond to something, put your cursor on it and start typing. Comments attach to the exact text they're about, and nothing in the thread is off limits: a line of the diff, a step in the plan, a thinking block. The agent sees precisely what you mean, and so does everyone else.


Adding comments on the thread.

We built a new application for our new reality

If you've followed our work on DeltaDB, you know we haven't been specific about how the capabilities we've been building would actually reach you; that was deliberate. For a long time we assumed the answer was Zed, but as DeltaDB took shape, we realized we needed to develop it without constraints so the database and its first application could shape each other, rather than fitting new primitives into an existing editor. And rebuilding Zed's foundations underneath hundreds of thousands of daily users would have meant disrupting the workflows they rely on every day.

So DeltaDB's first client became a new application, engineered around its replicated abstractions from day one, with the conversation instead of the editor at the center. The thread is where software happens now, and the interface should reflect it.

Delta gives us a focused place to iterate quickly and improve the primitives through real product use. We'll keep developing Zed, and DeltaDB will come to it, but Delta is where it begins.

Join the private beta

The first invites to the private beta have gone out today. We'll be inviting more users over the coming weeks. Sign up if you want early access.
Related Posts
Check out similar blogs from the Zed team.


Looking for a better editor?

You can try Zed today on macOS, Windows, or Linux. Download now!


We are hiring!

If you're passionate about the topics we cover on our blog, please consider joining our team to help us ship the future of software development.





Original: https://zed.dev/blog/introducing-delta · Discussion
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Why tiny JPEGs look different in Chrome

guillaumetech.github.io · 206 points · Discussion
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Someone is running mass vulnerability scans, spoofing AI bots like ClaudeBot

knownagents.com · 186 points · Discussion


            

            
                Overview
            

            Key ecosystem metrics across 5,000+ websites using Agent Analytics and AI Chat Referral Tracking.

            
                
                    
                        Bot vs. Human Traffic
                    

                    
    ↓ 2%
    
        
Compared to the previous 90 days

    


    
        The amount of visits from bots vs. humans

        
    




                

                
                    
                        Agentrification
                    

                    
    ↑ 11%
    
        
Compared to the previous 90 days

    


    
        The percentage of bot traffic that's AI-related

        
    




                

                
                    
                        AI Chat Referral Volume
                    

                    
    ↓ 9%
    
        
Compared to the previous 90 days

    


    
        The percentage of human website visits that come from AI chat

        
            See Referral Trends ↓
        
    





                

                
                    
                        Robots.txt Effectiveness
                    

                    
        How often bots follow robots.txt rules

        
            See Per Agent ↓
        
    



                

            

            
                
                    Traffic by Agent Type
                

                


                
    
        AI Agent
    
        
AI Agent
Uses an actual web browser to autonomously complete complex tasks on behalf of a human user


    


    
        AI Assistant
    
        
AI Assistant
Fetches website content in response to a user prompt, to include in an AI-generated answer


    


    
        AI Coding Agent
    
        
AI Coding Agent
Fetches documentation and other resources to help build software


    


    
        AI Data Provider
    
        
AI Data Provider
Crawls websites to supply structured content to AI systems as a third-party service


    


    
        AI Data Scraper
    
        
AI Data Scraper
Downloads website content to include in datasets used for training AI models such as LLMs


    


    
        AI Search Crawler
    
        
AI Search Crawler
Indexes website content to possibly include as citations in AI-powered search results


    


    
        Archiver
    
        
Archiver
Captures and stores historical website snapshots for long-term digital preservation


    


    
        Automated Agent
    
        
Automated Agent
Automates browser interactions programmatically without direct human supervision


    


    
        Developer Helper
    
        
Developer Helper
Assists with testing, debugging, and ensuring website functionality


    


    
        Fetcher
    
        
Fetcher
Retrieves web page metadata to power app features like link previews or feeds


    


    
        Intelligence Gatherer
    
        
Intelligence Gatherer
Analyzes web content for brand safety, competitive insights, and ad targeting


    


    
        Scraper
    
        
Scraper
Extracts large amounts of web data, often without explicit website permission


    


    
        Search Engine Crawler
    
        
Search Engine Crawler
Systematically scans and indexes web pages to include in search results


    


    
        Security Scanner
    
        
Security Scanner
Scans websites for security vulnerabilities, threats, and configuration weaknesses


    


    
        SEO Crawler
    
        
SEO Crawler
Analyzes website structure and content to identify SEO improvement opportunities


    


    
        Uncategorized
    
        
Uncategorized
Not yet assigned a type


    


    
        Undocumented AI Agent
    
        
Undocumented AI Agent
Crawls websites without disclosing its purpose, collecting data for an unknown AI use case


    


    


                Hover over each agent type for more information about what they do

            

            
                
                    
                        Top Agent Types
                    

                    

                    Agent types with the most activity

                

                
                    
                        Top Visiting Agents
                    

                    
            
                
                    
                    
                        
                            bingbot
SRCH
    
        
Search Engine Crawler
Systematically scans and indexes web pages to include in search results


    


                    
                    
                    
                        
                            8.2%

                        
                    
                

            
                
                    
                    
                        
                            Googlebot
SRCH
    
        
Search Engine Crawler
Systematically scans and indexes web pages to include in search results


    


                    
                    
                    
                        
                            7.9%

                        
                    
                

            
                
                    
                    
                        
                            AhrefsBot
SEO
    
        
SEO Crawler
Analyzes website structure and content to identify SEO improvement opportunities


    


                    
                    
                    
                        
                            6.2%

                        
                    
                

            
                
                    
                    
                        
                            Known Agent
DEV
    
        
Developer Helper
Assists with testing, debugging, and ensuring website functionality


    


                    
                    
                    
                        
                            5.5%

                        
                    
                

            
                
                    
                    
                        
                            ChatGPT-User
ASST
    
        
AI Assistant
Fetches website content in response to a user prompt, to include in an AI-generated answer


    


                    
                    
                    
                        
                            3.3%

                        
                    
                

            
                
                    
                    
                        
                            ClaudeBot
SCRP
    
        
AI Data Scraper
Downloads website content to include in datasets used for training AI models such as LLMs


    


                    
                    
                    
                        
                            3.2%

                        
                    
                

            
                
                    
                    
                        
                            PetalBot
SRCH
    
        
AI Search Crawler
Indexes website content to possibly include as citations in AI-powered search results


    


                    
                    
                    
                        
                            3.2%

                        
                    
                

            
                
                    
                    
                        
                            SemrushBot
SEO
    
        
SEO Crawler
Analyzes website structure and content to identify SEO improvement opportunities


    


                    
                    
                    
                        
                            3.0%

                        
                    
                

            
                
                    
                    
                        
                            facebookexternalhit
FTCH
    
        
Fetcher
Retrieves web page metadata to power app features like link previews or feeds


    


                    
                    
                    
                        
                            2.6%

                        
                    
                

            
                
                    
                    
                        
                            meta-externalagent
SCRP
    
        
AI Data Scraper
Downloads website content to include in datasets used for training AI models such as LLMs


    


                    
                    
                    
                        
                            2.3%

                        
                    
                

            
                
                    
                    
                        
                            Amazonbot
SCRP
    
        
AI Data Scraper
Downloads website content to include in datasets used for training AI models such as LLMs


    


                    
                    
                    
                        
                            2.3%

                        
                    
                

            
                
                    
                    
                        
                            MJ12bot
SEO
    
        
SEO Crawler
Analyzes website structure and content to identify SEO improvement opportunities


    


                    
                    
                    
                        
                            2.2%

                        
                    
                

            
                
                    
                    
                        
                            Amzn-SearchBot
SRCH
    
        
AI Search Crawler
Indexes website content to possibly include as citations in AI-powered search results


    


                    
                    
                    
                        
                            2.2%

                        
                    
                

            
                
                    
                    
                        
                            DotBot
SEO
    
        
SEO Crawler
Analyzes website structure and content to identify SEO improvement opportunities


    


                    
                    
                    
                        
                            2.1%

                        
                    
                

            
                
                    
                    
                        
                            Applebot
SRCH
    
        
AI Search Crawler
Indexes website content to possibly include as citations in AI-powered search results


    


                    
                    
                    
                        
                            2.1%

                        
                    
                

            
        


                    Agents with the most activity

                

                
                    
                        Top Operators
                    

                    

                    Operators with the most activity

                

            

            
                
    AI Scraping Activity


These bots scrape website content to train AI models. Some belong to AI companies, while others belong to third-party services that resell the data. Automatic Robots.txt can block unwanted scraping. Included agent types include AI Data Providers and AI Data Scrapers.



    
        
            
                

                    Traffic by Agent Type
                

            

            
    
        AI Data Provider
    
        
AI Data Provider
Crawls websites to supply structured content to AI systems as a third-party service


    


    
        AI Data Scraper
    
        
AI Data Scraper
Downloads website content to include in datasets used for training AI models such as LLMs


    


    


        

        


        AI scraping activity by agent type over time

    

    
        
            Top Visited Website Categories
        

        
            
                
            
                
            
                
            
                
                    
                    
                        
                            Computers and Electronics

                        
                    
                    
                    
                    
                        
                            5.3%

                        
                    
                

            
                
            
                
            
                
            
                
                    
                    
                        
                            Business and Industrial

                        
                    
                    
                    
                    
                        
                            5.0%

                        
                    
                

            
                
            
                
            
                
            
                
                    
                    
                        
                            Internet and Telecom

                        
                    
                    
                    
                    
                        
                            4.5%

                        
                    
                

            
                
            
        


        Website categories with most activity

    




    
        
            Top Agents
        

        
            
                
                    
                    
                        
                            ClaudeBot
SCRP
    
        
AI Data Scraper
Downloads website content to include in datasets used for training AI models such as LLMs


    


                    
                    
                    
                        
                            27.0%

                        
                    
                

            
                
                    
                    
                        
                            meta-externalagent
SCRP
    
        
AI Data Scraper
Downloads website content to include in datasets used for training AI models such as LLMs


    


                    
                    
                    
                        
                            19.5%

                        
                    
                

            
                
                    
                    
                        
                            Amazonbot
SCRP
    
        
AI Data Scraper
Downloads website content to include in datasets used for training AI models such as LLMs


    


                    
                    
                    
                        
                            19.2%

                        
                    
                

            
                
                    
                    
                        
                            GPTBot
SCRP
    
        
AI Data Scraper
Downloads website content to include in datasets used for training AI models such as LLMs


    


                    
                    
                    
                        
                            9.4%

                        
                    
                

            
                
                    
                    
                        
                            Bytespider
SCRP
    
        
AI Data Scraper
Downloads website content to include in datasets used for training AI models such as LLMs


    


                    
                    
                    
                        
                            7.3%

                        
                    
                

            
                
                    
                    
                        
                            ShapBot
PVDR
    
        
AI Data Provider
Crawls websites to supply structured content to AI systems as a third-party service


    


                    
                    
                    
                        
                            5.6%

                        
                    
                

            
                
                    
                    
                        
                            GoogleOther
SCRP
    
        
AI Data Scraper
Downloads website content to include in datasets used for training AI models such as LLMs


    


                    
                    
                    
                        
                            3.9%

                        
                    
                

            
                
                    
                    
                        
                            CCBot
SCRP
    
        
AI Data Scraper
Downloads website content to include in datasets used for training AI models such as LLMs


    


                    
                    
                    
                        
                            2.3%

                        
                    
                

            
                
                    
                    
                        
                            Timpibot
SCRP
    
        
AI Data Scraper
Downloads website content to include in datasets used for training AI models such as LLMs


    


                    
                    
                    
                        
                            1.8%

                        
                    
                

            
                
                    
                    
                        
                            YouBot
PVDR
    
        
AI Data Provider
Crawls websites to supply structured content to AI systems as a third-party service


    


                    
                    
                    
                        
                            1.4%

                        
                    
                

            
                
                    
                    
                        
                            VelenPublicWebCrawler
SCRP
    
        
AI Data Scraper
Downloads website content to include in datasets used for training AI models such as LLMs


    


                    
                    
                    
                        
                            0.8%

                        
                    
                

            
                
                    
                    
                        
                            Diffbot
PVDR
    
        
AI Data Provider
Crawls websites to supply structured content to AI systems as a third-party service


    


                    
                    
                    
                        
                            0.5%

                        
                    
                

            
                
                    
                    
                        
                            DeepSeekBot
SCRP
    
        
AI Data Scraper
Downloads website content to include in datasets used for training AI models such as LLMs


    


                    
                    
                    
                        
                            0.4%

                        
                    
                

            
                
                    
                    
                        
                            TerraCotta
PVDR
    
        
AI Data Provider
Crawls websites to supply structured content to AI systems as a third-party service


    


                    
                    
                    
                        
                            0.3%

                        
                    
                

            
                
                    
                    
                        
                            AIWebIndex
PVDR
    
        
AI Data Provider
Crawls websites to supply structured content to AI systems as a third-party service


    


                    
                    
                    
                        
                            0.2%

                        
                    
                

            
        


        Agents doing the most AI scraping

    

    
        
            Top Operators
        

        

        Operators doing the most AI scraping

    




            
                
    AI Fetching Activity


These bots fetch website content in real time to power AI assistants, coding agents, and other retrieval-augmented generation (RAG) tasks. Pages inform responses on the spot, such as when an assistant summarizes an article or a coding agent references documentation. Included agent types include AI Assistants and AI Coding Agents.



    
        
            
                

                    Traffic by Agent Type
                

            

            
    
        AI Assistant
    
        
AI Assistant
Fetches website content in response to a user prompt, to include in an AI-generated answer


    


    
        AI Coding Agent
    
        
AI Coding Agent
Fetches documentation and other resources to help build software


    


    


        

        


        AI fetching activity by agent type over time

    

    
        
            Top Visited Website Categories
        

        
            
                
            
                
            
                
            
                
            
                
                    
                    
                        
                            Computers and Electronics

                        
                    
                    
                    
                    
                        
                            2.3%

                        
                    
                

            
                
            
                
                    
                    
                        
                            Travel and Transportation

                        
                    
                    
                    
                    
                        
                            1.9%

                        
                    
                

            
                
                    
                    
                        
                            Business and Industrial

                        
                    
                    
                    
                    
                        
                            1.8%

                        
                    
                

            
                
                    
                    
                        
                            Internet and Telecom

                        
                    
                    
                    
                    
                        
                            1.7%

                        
                    
                

            
                
            
                
            
                
            
                
            
        


        Website categories with most activity

    




    
        
            Top Agents
        

        
            
                
                    
                    
                        
                            ChatGPT-User
ASST
    
        
AI Assistant
Fetches website content in response to a user prompt, to include in an AI-generated answer


    


                    
                    
                    
                        
                            86.4%

                        
                    
                

            
                
                    
                    
                        
                            DuckAssistBot
ASST
    
        
AI Assistant
Fetches website content in response to a user prompt, to include in an AI-generated answer


    


                    
                    
                    
                        
                            3.3%

                        
                    
                

            
                
                    
                    
                        
                            Perplexity-User
ASST
    
        
AI Assistant
Fetches website content in response to a user prompt, to include in an AI-generated answer


    


                    
                    
                    
                        
                            2.7%

                        
                    
                

            
                
                    
                    
                        
                            Claude-User
ASST
    
        
AI Assistant
Fetches website content in response to a user prompt, to include in an AI-generated answer


    


                    
                    
                    
                        
                            2.5%

                        
                    
                

            
                
                    
                    
                        
                            MistralAI-User
ASST
    
        
AI Assistant
Fetches website content in response to a user prompt, to include in an AI-generated answer


    


                    
                    
                    
                        
                            2.1%

                        
                    
                

            
                
                    
                    
                        
                            Claude-Code
CODE
    
        
AI Coding Agent
Fetches documentation and other resources to help build software


    


                    
                    
                    
                        
                            1.1%

                        
                    
                

            
                
                    
                    
                        
                            Shap-User
ASST
    
        
AI Assistant
Fetches website content in response to a user prompt, to include in an AI-generated answer


    


                    
                    
                    
                        
                            1.0%

                        
                    
                

            
                
                    
                    
                        
                            Google-NotebookLM
ASST
    
        
AI Assistant
Fetches website content in response to a user prompt, to include in an AI-generated answer


    


                    
                    
                    
                        
                            0.4%

                        
                    
                

            
                
                    
                    
                        
                            Cursor
CODE
    
        
AI Coding Agent
Fetches documentation and other resources to help build software


    


                    
                    
                    
                        
                            0.4%

                        
                    
                

            
                
                    
                    
                        
                            Gemini-Deep-Research
ASST
    
        
AI Assistant
Fetches website content in response to a user prompt, to include in an AI-generated answer


    


                    
                    
                    
                        
                            0.0%

                        
                    
                

            
                
                    
                    
                        
                            meta-externalfetcher
ASST
    
        
AI Assistant
Fetches website content in response to a user prompt, to include in an AI-generated answer


    


                    
                    
                    
                        
                            0.0%

                        
                    
                

            
                
                    
                    
                        
                            GoogleAgent-URLContext
ASST
    
        
AI Assistant
Fetches website content in response to a user prompt, to include in an AI-generated answer


    


                    
                    
                    
                        
                            0.0%

                        
                    
                

            
                
                    
                    
                        
                            Code
CODE
    
        
AI Coding Agent
Fetches documentation and other resources to help build software


    


                    
                    
                    
                        
                            0.0%

                        
                    
                

            
                
                    
                    
                        
                            kagi-fetcher
ASST
    
        
AI Assistant
Fetches website content in response to a user prompt, to include in an AI-generated answer


    


                    
                    
                    
                        
                            0.0%

                        
                    
                

            
                
                    
                    
                        
                            QualifiedBot
ASST
    
        
AI Assistant
Fetches website content in response to a user prompt, to include in an AI-generated answer


    


                    
                    
                    
                        
                            0.0%

                        
                    
                

            
        


        Agents doing the most AI fetching

    

    
        
            Top Operators
        

        

        Operators doing the most AI fetching

    




            
                
    AI Search Indexing Activity


These bots crawl website content so it can be surfaced in AI search engines and AI-generated answers. Those answers often include citations or links back to the source pages. Included agent types include AI Search Crawlers.



    
        
            
                

                    Traffic by Agent Type
                

            

            AI Search Crawler
    
        
AI Search Crawler
Indexes website content to possibly include as citations in AI-powered search results


    


        

        


        AI search indexing activity by agent type over time

    

    
        
            Top Visited Website Categories
        

        
            
                
                    
                    
                        
                            Travel and Transportation

                        
                    
                    
                    
                    
                        
                            6.8%

                        
                    
                

            
                
            
                
            
                
            
                
            
                
                    
                    
                        
                            Books and Literature

                        
                    
                    
                    
                    
                        
                            4.9%

                        
                    
                

            
                
            
                
                    
                    
                        
                            Computers and Electronics

                        
                    
                    
                    
                    
                        
                            4.6%

                        
                    
                

            
                
                    
                    
                        
                            Arts and Entertainment

                        
                    
                    
                    
                    
                        
                            4.5%

                        
                    
                

            
                
            
                
            
                
            
                
            
        


        Website categories with most activity

    




    
        
            Top Agents
        

        
            
                
                    
                    
                        
                            PetalBot
SRCH
    
        
AI Search Crawler
Indexes website content to possibly include as citations in AI-powered search results


    


                    
                    
                    
                        
                            25.4%

                        
                    
                

            
                
                    
                    
                        
                            Amzn-SearchBot
SRCH
    
        
AI Search Crawler
Indexes website content to possibly include as citations in AI-powered search results


    


                    
                    
                    
                        
                            17.3%

                        
                    
                

            
                
                    
                    
                        
                            Applebot
SRCH
    
        
AI Search Crawler
Indexes website content to possibly include as citations in AI-powered search results


    


                    
                    
                    
                        
                            16.7%

                        
                    
                

            
                
                    
                    
                        
                            OAI-SearchBot
SRCH
    
        
AI Search Crawler
Indexes website content to possibly include as citations in AI-powered search results


    


                    
                    
                    
                        
                            11.9%

                        
                    
                

            
                
                    
                    
                        
                            meta-webindexer
SRCH
    
        
AI Search Crawler
Indexes website content to possibly include as citations in AI-powered search results


    


                    
                    
                    
                        
                            10.8%

                        
                    
                

            
                
                    
                    
                        
                            Claude-SearchBot
SRCH
    
        
AI Search Crawler
Indexes website content to possibly include as citations in AI-powered search results


    


                    
                    
                    
                        
                            10.4%

                        
                    
                

            
                
                    
                    
                        
                            PerplexityBot
SRCH
    
        
AI Search Crawler
Indexes website content to possibly include as citations in AI-powered search results


    


                    
                    
                    
                        
                            3.4%

                        
                    
                

            
                
                    
                    
                        
                            LinkupBot
SRCH
    
        
AI Search Crawler
Indexes website content to possibly include as citations in AI-powered search results


    


                    
                    
                    
                        
                            3.4%

                        
                    
                

            
                
                    
                    
                        
                            Google-CloudVertexBot
SRCH
    
        
AI Search Crawler
Indexes website content to possibly include as citations in AI-powered search results


    


                    
                    
                    
                        
                            0.3%

                        
                    
                

            
                
                    
                    
                        
                            xAI-SearchBot
SRCH
    
        
AI Search Crawler
Indexes website content to possibly include as citations in AI-powered search results


    


                    
                    
                    
                        
                            0.2%

                        
                    
                

            
                
                    
                    
                        
                            AzureAI-SearchBot
SRCH
    
        
AI Search Crawler
Indexes website content to possibly include as citations in AI-powered search results


    


                    
                    
                    
                        
                            0.2%

                        
                    
                

            
                
                    
                    
                        
                            AddSearchBot
SRCH
    
        
AI Search Crawler
Indexes website content to possibly include as citations in AI-powered search results


    


                    
                    
                    
                        
                            0.0%

                        
                    
                

            
                
                    
                    
                        
                            Anomura
SRCH
    
        
AI Search Crawler
Indexes website content to possibly include as citations in AI-powered search results


    


                    
                    
                    
                        
                            0.0%

                        
                    
                

            
                
                    
                    
                        
                            MistralAI-Index
SRCH
    
        
AI Search Crawler
Indexes website content to possibly include as citations in AI-powered search results


    


                    
                    
                    
                        
                            0.0%

                        
                    
                

            
                
                    
                    
                        
                            amazon-kendra
SRCH
    
        
AI Search Crawler
Indexes website content to possibly include as citations in AI-powered search results


    


                    
                    
                    
                        
                            0.0%

                        
                    
                

            
        


        Agents doing the most AI search indexing

    

    
        
            Top Operators
        

        

        Operators doing the most AI search indexing

    




            
                
    AI Browsing Activity


These bots use browsers to autonomously navigate websites, click through pages, and make decisions to complete tasks for people. Agentic UX best practices and Google PageSpeed Insights help evaluate how well websites support them. Included agent types include AI Agents.


    
        
            
                
                    Average Session Duration
                

                
    ↓ 5%
    
        
Compared to the previous 90 days

    


    
        The average duration of a session

        
    




            

        
            
                
                    Average Pages per Session
                

                
    ↓ 1%
    
        
Compared to the previous 90 days

    


    
        The average number of pages visited per session

        
    




            

        
    



    
        
            
                

                    Traffic by Agent Type
                

            

            AI Agent
    
        
AI Agent
Uses an actual web browser to autonomously complete complex tasks on behalf of a human user


    


        

        


        AI browsing activity by agent type over time

    

    
        
            Top Visited Website Categories
        

        
            
                
            
                
            
                
                    
                    
                        
                            Computers and Electronics

                        
                    
                    
                    
                    
                        
                            0.0%

                        
                    
                

            
                
                    
                    
                        
                            Internet and Telecom

                        
                    
                    
                    
                    
                        
                            0.0%

                        
                    
                

            
                
                    
                    
                        
                            Travel and Transportation

                        
                    
                    
                    
                    
                        
                            0.0%

                        
                    
                

            
                
                    
                    
                        
                            Business and Industrial

                        
                    
                    
                    
                    
                        
                            0.0%

                        
                    
                

            
                
            
                
            
                
            
                
                    
                    
                        
                            Books and Literature

                        
                    
                    
                    
                    
                        
                            0.0%

                        
                    
                

            
                
            
                
                    
                    
                        
                            Arts and Entertainment

                        
                    
                    
                    
                    
                        
                            0.0%

                        
                    
                

            
                
            
        


        Website categories with most activity

    




    
        
            Top Agents
        

        
            
                
                    
                    
                        
                            Google-Agent
AGNT
    
        
AI Agent
Uses an actual web browser to autonomously complete complex tasks on behalf of a human user


    


                    
                    
                    
                        
                            43.0%

                        
                    
                

            
                
                    
                    
                        
                            Manus-User
AGNT
    
        
AI Agent
Uses an actual web browser to autonomously complete complex tasks on behalf of a human user


    


                    
                    
                    
                        
                            40.1%

                        
                    
                

            
                
                    
                    
                        
                            ChatGPT Agent
AGNT
    
        
AI Agent
Uses an actual web browser to autonomously complete complex tasks on behalf of a human user


    


                    
                    
                    
                        
                            16.9%

                        
                    
                

            
                
                    
                    
                        
                            NovaAct
AGNT
    
        
AI Agent
Uses an actual web browser to autonomously complete complex tasks on behalf of a human user


    


                    
                    
                    
                        
                            0.0%

                        
                    
                

            
                
                    
                    
                        
                            GoogleAgent-Mariner
AGNT
    
        
AI Agent
Uses an actual web browser to autonomously complete complex tasks on behalf of a human user


    


                    
                    
                    
                        
                            0.0%

                        
                    
                

            
                
                    
                    
                        
                            AmazonBuyForMe
AGNT
    
        
AI Agent
Uses an actual web browser to autonomously complete complex tasks on behalf of a human user


    


                    
                    
                    
                        
                            0.0%

                        
                    
                

            
                
                    
                    
                        
                            TwinAgent
AGNT
    
        
AI Agent
Uses an actual web browser to autonomously complete complex tasks on behalf of a human user


    


                    
                    
                    
                        
                            0.0%

                        
                    
                

            
        


        Agents doing the most AI browsing

    

    
        
            Top Operators
        

        

        Operators doing the most AI browsing

    




            
            
                Robots.txt & Compliance
            

            See which robots.txt rules are set across the web and how well agents follow them. An agent's Robots.txt Effectiveness measures the effectiveness of a disallow rule for it by estimating how much the agent reduces its traffic after it's blocked.

            
                    
                        Effectiveness (Overall)
                    

                    
        How often all agents across all agent types follow robots.txt rules

        
    


                

            
                
                    
                        Top Rule-Following Agents
                    

                    
            
                
                    
                    
                        
                            LinkupBot
SRCH
    
        
AI Search Crawler
Indexes website content to possibly include as citations in AI-powered search results


    


                    
                    
                    
                        
                            100.0%

                        
                    
                

            
                
                    
                    
                        
                            serpstatbot
SEO
    
        
SEO Crawler
Analyzes website structure and content to identify SEO improvement opportunities


    


                    
                    
                    
                        
                            100.0%

                        
                    
                

            
                
                    
                    
                        
                            proximic
INT
    
        
Intelligence Gatherer
Analyzes web content for brand safety, competitive insights, and ad targeting


    


                    
                    
                    
                        
                            100.0%

                        
                    
                

            
                
                    
                    
                        
                            ClarityBot
SEO
    
        
SEO Crawler
Analyzes website structure and content to identify SEO improvement opportunities


    


                    
                    
                    
                        
                            100.0%

                        
                    
                

            
                
                    
                    
                        
                            IAS crawler
INT
    
        
Intelligence Gatherer
Analyzes web content for brand safety, competitive insights, and ad targeting


    


                    
                    
                    
                        
                            100.0%

                        
                    
                

            
                
                    
                    
                        
                            Barkrowler
SEO
    
        
SEO Crawler
Analyzes website structure and content to identify SEO improvement opportunities


    


                    
                    
                    
                        
                            100.0%

                        
                    
                

            
                
                    
                    
                        
                            um-IC
INT
    
        
Intelligence Gatherer
Analyzes web content for brand safety, competitive insights, and ad targeting


    


                    
                    
                    
                        
                            100.0%

                        
                    
                

            
                
                    
                    
                        
                            SEOkicks
SEO
    
        
SEO Crawler
Analyzes website structure and content to identify SEO improvement opportunities


    


                    
                    
                    
                        
                            100.0%

                        
                    
                

            
                
                    
                    
                        
                            Dragonfly
INT
    
        
Intelligence Gatherer
Analyzes web content for brand safety, competitive insights, and ad targeting


    


                    
                    
                    
                        
                            100.0%

                        
                    
                

            
                
                    
                    
                        
                            AffsignalCrawler
INT
    
        
Intelligence Gatherer
Analyzes web content for brand safety, competitive insights, and ad targeting


    


                    
                    
                    
                        
                            100.0%

                        
                    
                

            
                
                    
                    
                        
                            AdsBot-Google-Mobile
INT
    
        
Intelligence Gatherer
Analyzes web content for brand safety, competitive insights, and ad targeting


    


                    
                    
                    
                        
                            100.0%

                        
                    
                

            
                
                    
                    
                        
                            meta-externalads
INT
    
        
Intelligence Gatherer
Analyzes web content for brand safety, competitive insights, and ad targeting


    


                    
                    
                    
                        
                            100.0%

                        
                    
                

            
                
                    
                    
                        
                            UptimeRobot
DEV
    
        
Developer Helper
Assists with testing, debugging, and ensuring website functionality


    


                    
                    
                    
                        
                            100.0%

                        
                    
                

            
                
                    
                    
                        
                            Leikibot
INT
    
        
Intelligence Gatherer
Analyzes web content for brand safety, competitive insights, and ad targeting


    


                    
                    
                    
                        
                            100.0%

                        
                    
                

            
                
                    
                    
                        
                            TTD-Content
INT
    
        
Intelligence Gatherer
Analyzes web content for brand safety, competitive insights, and ad targeting


    


                    
                    
                    
                        
                            100.0%

                        
                    
                

            
        


                    Agents with the best Robots.txt Effectiveness percentages

                

                
                    
                        Top Rule-Breaking Agents
                    

                    
            
                
                    
                    
                        
                            Baiduspider
SRCH
    
        
Search Engine Crawler
Systematically scans and indexes web pages to include in search results


    


                    
                    
                    
                        
                            82.6%

                        
                    
                

            
                
                    
                    
                        
                            SirdataBot
UNC
    
        
Uncategorized
Not yet assigned a type


    


                    
                    
                    
                        
                            84.5%

                        
                    
                

            
                
                    
                    
                        
                            ShapBot
PVDR
    
        
AI Data Provider
Crawls websites to supply structured content to AI systems as a third-party service


    


                    
                    
                    
                        
                            90.4%

                        
                    
                

            
                
                    
                    
                        
                            YandexBot
SRCH
    
        
Search Engine Crawler
Systematically scans and indexes web pages to include in search results


    


                    
                    
                    
                        
                            91.2%

                        
                    
                

            
                
                    
                    
                        
                            Sogou web spider
SRCH
    
        
Search Engine Crawler
Systematically scans and indexes web pages to include in search results


    


                    
                    
                    
                        
                            92.7%

                        
                    
                

            
                
            
                
                    
                    
                        
                            Mediapartners-Google
INT
    
        
Intelligence Gatherer
Analyzes web content for brand safety, competitive insights, and ad targeting


    


                    
                    
                    
                        
                            93.2%

                        
                    
                

            
                
                    
                    
                        
                            Scrapy
SCRP
    
        
Scraper
Extracts large amounts of web data, often without explicit website permission


    


                    
                    
                    
                        
                            93.8%

                        
                    
                

            
                
                    
                    
                        
                            Amazonbot
SCRP
    
        
AI Data Scraper
Downloads website content to include in datasets used for training AI models such as LLMs


    


                    
                    
                    
                        
                            94.7%

                        
                    
                

            
                
                    
                    
                        
                            HeadlessChrome
AUTO
    
        
Automated Agent
Automates browser interactions programmatically without direct human supervision


    


                    
                    
                    
                        
                            95.4%

                        
                    
                

            
                
                    
                    
                        
                            linkfluence
INT
    
        
Intelligence Gatherer
Analyzes web content for brand safety, competitive insights, and ad targeting


    


                    
                    
                    
                        
                            95.9%

                        
                    
                

            
                
                    
                    
                        
                            DotBot
SEO
    
        
SEO Crawler
Analyzes website structure and content to identify SEO improvement opportunities


    


                    
                    
                    
                        
                            96.1%

                        
                    
                

            
                
                    
                    
                        
                            OAI-SearchBot
SRCH
    
        
AI Search Crawler
Indexes website content to possibly include as citations in AI-powered search results


    


                    
                    
                    
                        
                            96.3%

                        
                    
                

            
                
                    
                    
                        
                            ChatGPT-User
ASST
    
        
AI Assistant
Fetches website content in response to a user prompt, to include in an AI-generated answer


    


                    
                    
                    
                        
                            96.8%

                        
                    
                

            
                
                    
                    
                        
                            archive.org_bot
ARCH
    
        
Archiver
Captures and stores historical website snapshots for long-term digital preservation


    


                    
                    
                    
                        
                            96.9%

                        
                    
                

            
        


                    Agents with the worst Robots.txt Effectiveness percentages

                

            

            
                    
                        Top Blocked Agents
                    

                    
            
                
                    
                        ●

                    
                    
                        
                            GPTBot
SCRP
    
        
AI Data Scraper
Downloads website content to include in datasets used for training AI models such as LLMs


    


                    
                    
                    
                        
                            24.6%

                        
                    
                

            
                
                    
                        ●

                    
                    
                        
                            CCBot
SCRP
    
        
AI Data Scraper
Downloads website content to include in datasets used for training AI models such as LLMs


    


                    
                    
                    
                        
                            22.6%

                        
                    
                

            
                
                    
                        ●

                    
                    
                        
                            ClaudeBot
SCRP
    
        
AI Data Scraper
Downloads website content to include in datasets used for training AI models such as LLMs


    


                    
                    
                    
                        
                            21.7%

                        
                    
                

            
                
                    
                        ●

                    
                    
                        
                            Bytespider
SCRP
    
        
AI Data Scraper
Downloads website content to include in datasets used for training AI models such as LLMs


    


                    
                    
                    
                        
                            18.9%

                        
                    
                

            
                
                    
                        ●

                    
                    
                        
                            PerplexityBot
SRCH
    
        
AI Search Crawler
Indexes website content to possibly include as citations in AI-powered search results


    


                    
                    
                    
                        
                            17.9%

                        
                    
                

            
                
                    
                        ●

                    
                    
                        
                            ChatGPT-User
ASST
    
        
AI Assistant
Fetches website content in response to a user prompt, to include in an AI-generated answer


    


                    
                    
                    
                        
                            16.1%

                        
                    
                

            
                
                    
                        ●

                    
                    
                        
                            anthropic-ai
UND
    
        
Undocumented AI Agent
Crawls websites without disclosing its purpose, collecting data for an unknown AI use case


    


                    
                    
                    
                        
                            15.8%

                        
                    
                

            
                
                    
                        ●

                    
                    
                        
                            meta-externalagent
SCRP
    
        
AI Data Scraper
Downloads website content to include in datasets used for training AI models such as LLMs


    


                    
                    
                    
                        
                            15.6%

                        
                    
                

            
                
                    
                        ●

                    
                    
                        
                            Amazonbot
SCRP
    
        
AI Data Scraper
Downloads website content to include in datasets used for training AI models such as LLMs


    


                    
                    
                    
                        
                            15.6%

                        
                    
                

            
                
                    
                        ●

                    
                    
                        
                            Diffbot
PVDR
    
        
AI Data Provider
Crawls websites to supply structured content to AI systems as a third-party service


    


                    
                    
                    
                        
                            14.0%

                        
                    
                

            
                
                    
                        ●

                    
                    
                        
                            Claude-Web
UND
    
        
Undocumented AI Agent
Crawls websites without disclosing its purpose, collecting data for an unknown AI use case


    


                    
                    
                    
                        
                            14.0%

                        
                    
                

            
                
                    
                        ●

                    
                    
                        
                            cohere-ai
UND
    
        
Undocumented AI Agent
Crawls websites without disclosing its purpose, collecting data for an unknown AI use case


    


                    
                    
                    
                        
                            14.0%

                        
                    
                

            
                
                    
                        ●

                    
                    
                        
                            omgili
SCRP
    
        
AI Data Scraper
Downloads website content to include in datasets used for training AI models such as LLMs


    


                    
                    
                    
                        
                            13.5%

                        
                    
                

            
        


                    Agents blocked by the most top websites

                

            
                Spoofing & Security
            

            See which agents are most frequently impersonated, and how spoofing activity changes over time. A visit is considered spoofed when it claims a recognized agent identity but fails that agent's supported authentication method, such as verified IP or Web Bot Auth.

            
        Active Threat: AI Bot Spoofing Campaign

        
            We are observing a widespread campaign impersonating AI bots to scan websites for vulnerabilities. The attacker appears to be targeting credential and configuration paths used by AI coding tools. Contact us for more information.

        
    


            
                
                    Spoofed Traffic by Agent Identity
                

                


                The percentage of impersonated website traffic for each agent identity over time

            

            
                
                    
                        Top Spoofed Agent Identities
                    

                    
            
                
                    
                        ●

                    
                    
                        
                            Googlebot
SRCH
    
        
Search Engine Crawler
Systematically scans and indexes web pages to include in search results


    


                    
                    
                    
                        
                            0.5%

                        
                    
                

            
                
                    
                        ●

                    
                    
                        
                            ChatGPT-User
ASST
    
        
AI Assistant
Fetches website content in response to a user prompt, to include in an AI-generated answer


    


                    
                    
                    
                        
                            0.1%

                        
                    
                

            
                
                    
                        ●

                    
                    
                        
                            GPTBot
SCRP
    
        
AI Data Scraper
Downloads website content to include in datasets used for training AI models such as LLMs


    


                    
                    
                    
                        
                            0.1%

                        
                    
                

            
                
                    
                        ●

                    
                    
                        
                            OAI-SearchBot
SRCH
    
        
AI Search Crawler
Indexes website content to possibly include as citations in AI-powered search results


    


                    
                    
                    
                        
                            0.1%

                        
                    
                

            
                
                    
                        ●

                    
                    
                        
                            PerplexityBot
SRCH
    
        
AI Search Crawler
Indexes website content to possibly include as citations in AI-powered search results


    


                    
                    
                    
                        
                            0.1%

                        
                    
                

            
                
                    
                        ●

                    
                    
                        
                            ClaudeBot
SCRP
    
        
AI Data Scraper
Downloads website content to include in datasets used for training AI models such as LLMs


    


                    
                    
                    
                        
                            0.0%

                        
                    
                

            
                
                    
                        ●

                    
                    
                        
                            Applebot
SRCH
    
        
AI Search Crawler
Indexes website content to possibly include as citations in AI-powered search results


    


                    
                    
                    
                        
                            0.0%

                        
                    
                

            
                
                    
                        ●

                    
                    
                        
                            bingbot
SRCH
    
        
Search Engine Crawler
Systematically scans and indexes web pages to include in search results


    


                    
                    
                    
                        
                            0.0%

                        
                    
                

            
                
                    
                        ●

                    
                    
                        
                            Perplexity-User
ASST
    
        
AI Assistant
Fetches website content in response to a user prompt, to include in an AI-generated answer


    


                    
                    
                    
                        
                            0.0%

                        
                    
                

            
                
                    
                        ●

                    
                    
                        
                            MistralAI-User
ASST
    
        
AI Assistant
Fetches website content in response to a user prompt, to include in an AI-generated answer


    


                    
                    
                    
                        
                            0.0%

                        
                    
                

            
                
                    
                        ●

                    
                    
                        
                            GoogleOther
SCRP
    
        
AI Data Scraper
Downloads website content to include in datasets used for training AI models such as LLMs


    


                    
                    
                    
                        
                            0.0%

                        
                    
                

            
                
                    
                        ●

                    
                    
                        
                            AhrefsBot
SEO
    
        
SEO Crawler
Analyzes website structure and content to identify SEO improvement opportunities


    


                    
                    
                    
                        
                            0.0%

                        
                    
                

            
                
                    
                        ●

                    
                    
                        
                            Claude-User
ASST
    
        
AI Assistant
Fetches website content in response to a user prompt, to include in an AI-generated answer


    


                    
                    
                    
                        
                            0.0%

                        
                    
                

            
                
                    
                        ●

                    
                    
                        
                            Claude-SearchBot
SRCH
    
        
AI Search Crawler
Indexes website content to possibly include as citations in AI-powered search results


    


                    
                    
                    
                        
                            0.0%

                        
                    
                

            
                
                    
                        ●

                    
                    
                        
                            CCBot
SCRP
    
        
AI Data Scraper
Downloads website content to include in datasets used for training AI models such as LLMs


    


                    
                    
                    
                        
                            0.0%

                        
                    
                

            
        


                    The most impersonated agent identities

                

                
                    
                        Recent Top Targeted Paths
                    

                    
    
        /.config/anthropic/credentials/default.json
    


    
        /.claude/settings.json
    


    
        /.claude.json
    


    
        /.hermes/.env
    


    
        /.openclaw/.env
    


    
        /.codex/config.toml
    


    
        /.continue/config.json
    


    
        /.aider.conf.yml
    


    
        /service-account.json
    


    
        /serviceaccountkey.json
    


    
        /service_account.json
    


    
        /firebase-adminsdk.json
    


    
        /firebase-service-account.json
    


    
        /.aws/credentials
    


    
        /.aws/config
    


    
        /.s3cfg
    


    
        /.boto
    


    
        /.npmrc
    


    
        /.env.example
    


    
        /.env.local
    


    
        /.env.production
    


    
        /.env.backup
    


    
        /.env.old
    


    
        /backend/.env
    


    
        /api/.env
    


    
        /admin/.env
    


    
        /dockerfile
    


    
        /docker-compose.yaml
    


    
        /.docker/config.json
    


    
        /terraform.tfstate
    


    
        /credentials.json
    


    
        /secrets.json
    


    
        /secrets.yml
    


    
        /key.json
    


    
        /rclone.conf
    


    


                    Examples of recent top targeted request paths

                

            

            
                AI Chat Referrals
            

            See which AI platforms like ChatGPT, Perplexity, and Gemini cite websites and send them human referral traffic. Citations are estimated. Google's guide explains how websites can optimize their content to be more visible in AI chat responses (GEO).

            
                
                    Traffic by AI Chat Platform
                

                


                
    
        ChatGPT
    


    
        Claude
    


    
        Copilot
    


    
        DeepSeek
    


    
        Gemini
    


    
        Meta AI
    


    
        Mistral
    


    
        Perplexity
    


    


                Referral activity by AI chat platform over time

            

            
                
                    
                        Top Mentioned (Cited) Website Categories
                    

                    
            
                
            
                
            
                
            
                
            
                
                    
                    
                        
                            Computers and Electronics

                        
                    
                    
                    
                    
                        
                            2.3%

                        
                    
                

            
                
            
                
                    
                    
                        
                            Travel and Transportation

                        
                    
                    
                    
                    
                        
                            1.9%

                        
                    
                

            
                
                    
                    
                        
                            Business and Industrial

                        
                    
                    
                    
                    
                        
                            1.8%

                        
                    
                

            
                
                    
                    
                        
                            Internet and Telecom

                        
                    
                    
                    
                    
                        
                            1.6%

                        
                    
                

            
                
            
                
            
                
            
                
            
                
            
                
            
        


                    Website categories most frequently cited in AI chat responses

                

                
                    
                        Top Clicked (Referred) Website Categories
                    

                    
            
                
                    
                    
                        
                            Travel and Transportation

                        
                    
                    
                    
                    
                        
                            0.3%

                        
                    
                

            
                
            
                
            
                
            
                
                    
                    
                        
                            Computers and Electronics

                        
                    
                    
                    
                    
                        
                            0.1%

                        
                    
                

            
                
            
                
                    
                    
                        
                            Business and Industrial

                        
                    
                    
                    
                    
                        
                            0.1%

                        
                    
                

            
                
            
                
            
                
            
                
                    
                    
                        
                            Internet and Telecom

                        
                    
                    
                    
                    
                        
                            0.0%

                        
                    
                

            
                
            
                
            
                
            
                
            
        


                    Website categories receiving the most referrals from AI chat

                

            

            
                Methodology
            

            
                
                    Data Scope
                

                The Index is updated daily with completed days of traffic, security, and referral data from more than 5,000 websites using Agent Analytics and AI Chat Referral Tracking. The current partial day is excluded. Percentage-change tags compare the current period with the preceding period of the same duration. Agent names, operators, and classifications come from the Agent Directory, which is updated as new agents are discovered or existing agents change. Website categories follow the taxonomy used by Google AdSense. Participating websites are not a random sample of the entire web, and the qualifying set can change as websites connect, disconnect, or cross activity thresholds. Results characterize the observed network and broader directional trends; they should not be interpreted as a precise census of global web traffic.

            

            
                
                    Qualification & Aggregation
                

                Only websites meeting minimum activity and data-quality requirements are included. Internal, test, incomplete, or anomalous data is excluded. Bot traffic percentages use total server traffic as their denominator. AI chat referral percentages use estimated human traffic, calculated by excluding identified bot visits from total server traffic. Rates are calculated for each qualifying website first, then averaged across websites and completed days. This gives each website equal weight regardless of traffic volume and prevents a small number of high-traffic websites from dominating the results. Daily charts are not smoothed, allowing normal seasonality to remain visible.

            

            
                
                    Measuring Robots.txt Effectiveness
                

                An agent's Robots.txt Effectiveness estimates the reduction in its request rate associated with a full disallow rule. For each completed day, Known Agents establishes an agent-specific baseline from qualifying websites where that agent is allowed, adjusts the baseline for the overall traffic of each website where the agent is disallowed, and compares the expected activity with the activity actually observed. Only website-day observations with sufficient site traffic, agent activity, cross-site coverage, and expected volume qualify. Scores also require repeated observations across multiple websites and days. When an agent publishes a supported authentication method, only verified traffic is attributed to it.

                Each qualifying website-day contributes equally. Scores range from 0%, meaning no measurable reduction, to 100%, meaning no qualifying requests were observed where the agent was disallowed. The headline Robots.txt Effectiveness metric gives each qualifying agent equal weight. Because this is an observational estimate rather than a controlled experiment, it measures an association with robots.txt rules but does not claim that robots.txt caused every observed difference. Top Blocked Bots is calculated separately using daily robots.txt scans of Similarweb's top 1,000 websites.

            

            
                
                    Identifying Spoofed Bots
                

                Spoofing statistics measure traffic from visits that claim the identity of a known agent but fail a supported authentication method, such as published IP verification or HTTP message signatures. Each agent's daily rate is calculated against total server traffic for every qualifying website, then averaged across websites. A failed check indicates that the visit was likely impersonating the named agent; it does not identify the software or operator that actually made the request. Agents without a supported authentication method are not included in these measurements.

            

            
                
                    AI Chat Citations & Referrals
                

                AI chat referral statistics count directly observed human visits carrying a recognized AI platform in the referring URL or campaign source. Visits without usable referral information cannot be attributed to an AI platform. Citation statistics are estimates based on requests from agents known to retrieve content for AI platforms. Those requests indicate that content may have informed a response, but they do not confirm that a source appeared as a citation to a user. Because AI platforms do not provide a complete public record of their sources, citation results should be interpreted as directional patterns rather than exact citation counts.

            

            
                Frequently Asked Questions
            

            
    
        
            
                Can journalists and media organizations use this data?

            
            Absolutely. You may cite The Agentic Web Index with attribution and a link to this page. For interviews, fact-checking, background context, or a more specific breakdown for a story, contact us and include your deadline.

        
        
            

        
    
        
            
                Do you work with researchers?

            
            Absolutely. We welcome thoughtful research into how agents and bots are changing the web. Tell us about your research question, timeframe, and intended use. Depending on the scope and data constraints, we may be able to provide additional context, compare approaches, or explore a joint analysis.

        
        
            

        
    
        
            
                Can I request a specific analysis?

            
            Yes. If you need a breakdown by agent, operator, activity type, website category, or time period that is not shown here, contact us. When the underlying data supports it, we can examine the question and provide a focused analysis.

        
        
            

        
    
        
            
                How do I see these trends on my own website?

            
            Agent Analytics shows which agents and bots visit your website, what they access, and how their activity changes over time. AI Chat Referral Tracking measures the human traffic arriving from AI chat platforms. Automatic Robots.txt helps manage which bots can access your content.
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Tim King, AmigaDOS developer, has died
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	11.Aug.2026

Ravi Abbott
	    Obituary: AmigaDOS developer Dr. Tim King has passed away


Dr. Tim King passed away at the end of July, his family confirmed upon request. King played a key role in the development of AmigaDOS and thus in an important chapter of the Amiga's software history.


King studied computer science at the University of Cambridge and earned his Ph.D. there in 1979. While still a student at the university, he developed the Tripos operating system, a preemptive multitasking system written in BCPL. In 1984, King joined MetaComCo and brought Tripos with him to the company. There, the system was further developed for the Amiga and integrated into the new computer’s operating system as AmigaDOS.


After his time at MetaComCo, King founded Perihelion in 1986, a company that focused on operating systems, parallel processing, and transputer technology, among other things. He later founded the Internet service provider UK Online.


King has made a significant contribution to the history of the Amiga. (nba)

[News message: 11. Aug. 2026, 14:40] [Comments: 3 - 11. Aug. 2026, 19:47]

[Send via e-mail]  [Print version]  [ASCII version]
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uBlock Origin Is Giving Up the Fight to Keep Ads Off Facebook

digitalescapetools.com · 184 points · Discussion

Full text couldn't be fetched for this one (paywall, anti-bot, or not an article page). Read it via the links below.

Original: https://digitalescapetools.com/2026/08/ublock-origin-stops-chasing-facebook-ads.html · Discussion
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High-Res Photo Shows Sand-Capped Butte Rising from Mars Plain of Polygons
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      [image: A large, conical rock formation sits in a vast, rocky Martian landscape covered in scattered stones and wind-swept sand dunes.]
 Trundling around on an alien planet some 140 million miles from Earth is the solar system’s most intrepid landscape photographer, snapping awe-inspiring shots as it scrambles up a mountain that’s inside a crater. 
  NASA’s Curiosity Rover doesn’t get the praise it deserves, primarily because it is a robot. But every now and then, it is worth pausing to marvel at the imagery this plucky rover is capable of capturing. 
 Case in point is this image that Curiosity captured on the 4,923rd Martian day, or sol. On Earth, it was June 11, 2026. 
 Curiosity captured 11 individual photos with its Mast Camera of a sand-capped butte, nicknamed “Miraflores.” The isolated hill is estimated to be roughly 20 feet (6 meters) tall. The butte was left behind as surrounding rock eroded away over time, deepening the broad valley Curiosity is climbing through. 
 [image: A rocky, barren Martian landscape features a prominent, cone-shaped hill covered in reddish dust surrounded by scattered debris.]
 Those 11 photos were sent back to Earth and stitched together. As is often the case with panoramas, NASA scientists weren’t quite able to fill the frame perfectly with the image data, but nevertheless produced a high-resolution panoramic (6,162 x 2,576 pixels) that can be zoomed in on to reveal outstanding details. 

 The color was adjusted to match the lighting conditions as the human eye would see it if a person were standing on the surface of the Red Planet. 
 [image: A large, conical rock formation sits in a vast, rocky Martian landscape covered in scattered stones and wind-swept sand dunes.]
 The butte is surrounded by thousands of Martian polygons on the floor, which is thought to be an ancient seabed. These honeycomb-like textures are each about 1.5 to 3 inches (4 to 8 centimeters) across. 
 [image: A panoramic view of a rocky, barren Martian landscape with a large, layered mountain in the distance and rover equipment in the foreground.]The photo of the sea ofo polygons was taken on the same day, June 11, not far from the butte. [image: A high-angle view of a rocky, reddish Martian landscape featuring a distinct pattern of polygonal cracks in the ground.]The polygonal shapes spread in all directions for as far as the rover can see. They even wrap around the sides of the nearby butte nicknamed Miraflores. “We’ve seen a lot of fascinating landscapes through Curiosity’s eyes, but this sea of polygons took our breath away,” says the mission’s project scientist, Ashwin Vasavada of NASA’s Jet Propulsion Laboratory in Southern California. “We measured their shapes and chemistry carefully and are hopeful there are clues in the data as to how these features formed.”
 The butte and the polygons are both inside the 96-mile-wide Gale Crater, in which sits Mount Sharp, an 18,000-foot-high central peak that rises from the crater.

 “Billions of years ago, lakes and streams dappled the lower foothills of Mount Sharp, a 3-mile-tall (5-kilometer-tall) mountain that Curiosity has been ascending since 2014,” NASA explains. 
 “The rover has previously uncovered chemistry left over from Mars’ watery history, including carbon-based molecules believed to be precursors to RNA and DNA, two nucleic acids that carry genetic information. Scientists have no way of knowing whether these organic molecules were created by biologic or geologic processes — either path is possible — but their discovery reconfirmed that ancient Mars had the right chemistry to support life.” 
      

	Affiliate Disclosure
	PetaPixel articles may include affiliate links; we may earn a commission if you buy through one.
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Shade Map
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        Online shadow map and sun finder
      

      
        	Shadowmap and sunmap a house or garden

        	Shadow calculator, sun position, sun path and sun exposure

        	Simulate shadows cast by buildings, trees and terrain in 3D

        	Sunlight and shading for sunrise and sunset photos

        	Prepare a shadow study, shadow analysis or solar analysis

        	No need to install or buy Google Earth Pro. Works online

        	Generate shadow accumulation and shadow accrual maps
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Glaciers on the Climate Dashboard
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  Why are glaciers important?


			
	
		Glaciers are an important store of water. Their melt off during the dry season provides water for human use.
		Loss of glaciers could therefore lead to reduced seasonal water availability affecting the lives of many.
		If glaciers melt, as they have been doing over the past 30 years for which we have detailed measurements,
		the water ends up in the oceans, raising sea level, which can have impacts on coastal communities.
	


			

			
			
	How have glaciers changed?


			
	
		The balance between the accumulation of mass from snow falling on a glacier and ice loss, also knowns as the
		mass balance, controls how a glacier changes over time. Melting of the lower glacier can cause the terminus
		to retreat to higher and colder elevation. Increased snowfall can make the glacier advance downhill until it
		is halted by increased melting at the terminus. If the terminus is in the ocean, warmer water can melt the
		glacier, it then flows faster producing more icebergs. Glaciers are not only sensitive to changes in
		temperature and snow fall, but also to other elements like sea water temperature, humidity, cloudiness and
		whether precipitation falls as rain or snow.
	

	
		There are thousands of glaciers world-wide and it is not practical to measure them all in detail. The World
		Glacier Monitoring Service monitors a set of reference glaciers across 19 mountain zones. The mass balance of
		these glaciers has been negative, i.e. they have been shrinking overall, for the past 31 years.
	

	
		The cumulative loss of mass since 1976 amounts to around 20m of water equivalent. “Water equivalent” is the
		depth of water that we’d get on the glaciers if all the lost ice and snow were melted. Snow and ice can have very different densities
		depending on how compact the snow is, and how much air is trapped in the ice. Using “water equivalent” allows
		for consistency between measurements.
	

	
		Longer records show that glaciers have been in long-term retreat since the 19th Century.
	


			

			
			
	How is glacier mass balance measured?


			
      
		  Mass balance is measured using a variety of techniques. Ice loss can be measured using stakes driven deep
		  into the surface of the glacier. As the ice melts, it reveals more of the stake allowing the ice loss to
		  be quantified. Accumulation can be measured using stakes too, by digging pits that show how much fresh
		  snow has accumulated, by probing through freshly fallen snow to the hard surface of ice beneath or even by
		  analysing the annual layers of snow revealed by crevasses. Combinations of the different techniques provide
		  information about mass gain and loss across the surface of a glacier.
      

      
		  Glaciers’ heights and shapes can be mapped from space, using radars, visible light sensors and other means.
		  Large ice masses can also be monitored by dedicated scientific missions that measure the Earth’s
		  gravitational field, such as GRACE.
      


			

			
			
	Why have glaciers changed?


			
      
		  Glaciers respond to changes in temperature, the strength of sunlight reaching the glacier through changes
		  in cloud cover and albedo, and precipitation. Rate of flow of glaciers can also be affected by a change in
		  surface gradient. This may occur through downstream changes such as the loss of buttressing ice shelves,
		  changes in basal lubrication due to meltwater, rainfall or infiltration of sea water. Each glacier is
		  subject to a unique combination of the above-mentioned factors so there is variation in the mass balance
		  between glaciers.
      

	  
		  The IPCC AR5 concluded that “the robustness of the estimates of observed mass loss since the 1960s, the
		  confidence we have in estimates of natural variations and internal variability from long-term glacier
		  records, and our understanding of glacier response to climatic drivers provides robust evidence and,
		  therefore, high confidence that a substantial part of the mass loss of glaciers is likely due to human
		  influence.”
      


			

			

			

			Find out more?

			
      
	More detailed information is available from the World Glacier Monitoring Service.
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HTML over WebSockets: real-time SPAs with barely any JavaScript

en.andros.dev · 75 points · Discussion


	Building a SPA (Single-page Application) is a complex puzzle: a JavaScript framework that draws the view, an API serving JSON, and 2 independent codebases forced to understand each other through contracts. It is an accepted, professionalized scenario. But being a standard does not make it the only way. I want to show you another approach, one that is not new but has gained traction over the years: HTML over WebSockets.

The idea is this: instead of sending JSON and assembling the HTML in the browser, the server sends the HTML already built and the client just places it where it belongs. All the rendering logic stays in the Back-End, in a single language, with no need for contracts or an API. This pattern is known as hypermedia or HTML over the wire. What matters about how the HTML travels is that it determines the latency and the bidirectionality of the communication. There are three variants:


	Over HTTP, request by request, like htmx or Unicorn.

	Over SSE, opening a one-way, continuous channel from server to client, like Datastar.

	Over WebSockets, a permanent, bidirectional channel, like Phoenix LiveView or Django LiveView.



The channel is so important that it determines the application's architecture and its communication pattern.

In this article I am going to talk about HTML over WebSockets: the real-time and bidirectional variant of the family. The one that lets you build a SPA with barely any JavaScript, in a single language, with no contracts and a single rendering engine. We will see what it is, how it works and when it pays off compared to its HTTP or SSE cousins.

Origin

Chris McCord, creator of Phoenix (the most popular framework in the Elixir ecosystem), presented at ElixirConf 2019 a technology called LiveView. In just 15 minutes he built a Twitter clone that worked in real time without adding any rendering JavaScript or a popular framework (React, Angular, Vue...) to manage the View, proving that you could stay in the Back-End and be productive with a sweet hint of good performance. Since then the solution has grown popular, inspiring other developers to build HTML-over-WebSockets implementations in other languages. You can go back to the Back-End without giving up the good parts of the Front-End.

How does it work?

Even though it might not seem so at first, JavaScript is used on the client. Its job is not to render but to create a communication channel with WebSockets and place the received HTML in the right spot. Plus other secondary tasks like animations, event handling, etc.

McCord's solution is not to send the Front-End a JSON, but HTML that needs no preprocessing. That way we move the rendering load, and all its logic, to the Back-End. OK but... how do we get the server to send us new content immediately and without making a request? Easy: with WebSockets.

Let's review the traditional system from the introduction. From the web I make an HTTP request, the browser starts the action and gets a JSON with all the raw information in response. The next step is to interpret it and build the corresponding HTML.

sequenceDiagram
    participant C as Browser
    participant S as Server
    C->>S: 1. HTTP request (GET /api/article/2/) and maybe auth
    S->>S: 2. Query the DB
    S->>S: 3. Build a JSON with the article data
    S-->>C: 4. Return JSON
    C->>C: 5. Parse the JSON
    C->>C: 6. Build the HTML with its rendering engine

With HTML over WebSockets, that same request travels over a permanent channel and the response is already assembled HTML, with no JSON in between. And since the channel never closes, the server can even get ahead and send changes without the client asking.

The flow with WebSockets is now the following, ignoring the initial connection and authentication, which happen only once when the channel opens:

sequenceDiagram
    participant C as Browser
    participant S as Server (Back-End)
    C->>S: 1. Sends a text: "I want /article/2/"
    S->>S: 2. Query the DB
    S->>S: 3. Render HTML with its template engine
    S-->>C: 4. Return the assembled HTML/CSS/JS
"..."
    C->>C: 5. Place the HTML where it belongs

Simple, elegant and fast. The client takes care of placing the HTML where it belongs and listening for events. The server handles the rest. You do not have to worry about client state or rendering logic, since everything lives in the Back-End.

The full, complex cycle, including opening the connection and authentication, would look like this:

sequenceDiagram
    participant C as Browser
    participant S as Server (Back-End)
    C->>S: 1. Opens WebSocket connection and authenticates
    Note over C,S: A single persistent channel
    C->>S: 2. Sends a text: "I want /article/2/"
    S->>S: 3. Query the DB
    S->>S: 4. Render HTML with its template engine
    S-->>C: 5. Return the assembled HTML/CSS/JS
"..."
    C->>C: 6. Place the HTML where it belongs
    Note over S,C: The server can also push
changes without the client asking (broadcast)

On top of that, by its very architecture, it carries intrinsic advantages over other solutions.

What are its advantages?


	There is only one rendering engine, cutting down complexity.

	You do not need to build an API: the server generates HTML and sends it to the client, with no middleman.

	State lives on the server. It is not memoryless request-response: there is a process per connected client that remembers where it is. It is the opposite of htmx, which is deliberately stateless.

	Direct connection to the database, with no JSON or GraphQL middleman.

	Real real-time: clients receive changes as fast as possible, without polling the server.

	Broadcast: the server can push changes to every connected client at once. Building a chat, a dashboard or a multiplayer game comes for free.

	Less traffic and less latency per action: a single persistent connection avoids repeating the TCP handshake and the HTTP headers on every interaction. It is not that "the WebSocket protocol is magically faster" (HTTP/2 and HTTP/3 have narrowed that gap a lot in request-response), it is that you skip the round trip and send assembled HTML.

	Build a SPA with barely any JavaScript, without heavy frameworks like React, Angular or Vue.

	Reasonable SEO: since the HTML is rendered on the server, the first load is indexable. Careful though, a crawler does not see the updates that arrive later over the WebSocket, so the important content must be in that first response.

	Safer against injection: since the server renders and escapes the HTML before sending it over the channel, an attempt to sneak in a <script> travels as inert text and reaches your neighbor's screen as plain letters, not as code. The same architecture that makes a chat trivial makes it immune to XSS.



What are its drawbacks?


	The server needs more resources: it keeps a WebSocket open and, usually, each client's state in memory. Scaling horizontally forces you to share that state (in Django, with Channels + an ASGI server + Redis as the channel layer). That said, the real problem only shows up with a large number of simultaneous clients, and careful design can mitigate it. My site has handled peaks of 600 simultaneous readers without trouble, running on hardware similar to a Raspberry Pi 3 with other services running alongside.

	Latency: with a lot of physical latency, the "instant" feel suffers.

	It does not work offline. If the connection drops, the site stops working. You have to design the reconnection experience and fault tolerance.

	The initial learning curve is steeper than dropping in a <script>: running a WebSocket server is not trivial, and you have to learn to handle the LiveView pattern.



The current landscape: which frameworks exist?

The hypermedia movement already has an implementation in almost every language. Look at the transport column: the ones running over WebSocket (the LiveView pattern, real-time and bidirectional) coexist with the HTTP and SSE cousins, for when you do not need that two-way channel. You can start here:




	Language
	Framework
	Transport
	Server push?
	Status





	Elixir
	Phoenix LiveView
	WebSocket
	Yes
	Mature (1.x, LiveView 1.0 in Dec 2024)



	Ruby
	Hotwire (Turbo + Stimulus)
	HTTP + WebSocket/SSE (Streams)
	Yes
	Turbo 8 with morphing



	Python / Django
	Django LiveView
	WebSocket
	Yes
	Active (mine)



	Python / Django
	Reactor
	WebSocket
	Yes
	Active



	Python / Django
	djust
	WebSocket
	Yes
	New, with a Rust VDOM



	Python / Django
	django-unicorn
	HTTP / AJAX
	No
	Active



	Python / Django
	Tetra
	AJAX + WebSocket
	Yes
	Young, on Alpine.js



	C# / .NET
	Blazor (Interactive Server)
	WebSocket (SignalR)
	Yes
	.NET 9, with render modes



	PHP / Laravel
	Livewire 3 + Reverb
	WebSocket
	Yes
	Reverb, Laravel's own WebSocket server (2024)



	Agnostic (JS)
	htmx
	HTTP + WS/SSE extensions
	Yes (extension)
	2.0



	Agnostic (JS)
	Datastar
	SSE
	Yes
	1.0






SSE, the cheap option

WebSockets is powerful, but keeping a bidirectional channel open per client has a cost. And often you do not need it: if the flow is mostly server to client (notifications, a live feed, a dashboard, the tokens of an AI response), Server-Sent Events (SSE) are enough. It is the same idea, sending ready-made HTML over the wire, but over a plain HTTP channel that only goes one way.

It is the cheap option: the simplest infrastructure. By not keeping a stateful process per client, it is easier to load-balance and scale.

However, it has limitations:


	It is one-way. Only the server pushes. If the client wants to send something, there is no channel for it: it has to make a separate HTTP request.

	Text only. It carries UTF-8, no binary (WebSocket does).

	Worse for heavy bidirectional work. In a chat, collaborative editing or a game, that loose back-and-forth over HTTP weighs more than an always-open WebSocket.



htmx has an almost identical implementation in spirit with its SSE extension. You declare the channel with an attribute and the HTML that arrives in each event places itself:

<div hx-ext="sse" sse-connect="/updates" sse-swap="message">
    Real-time content appears here
</div>

Under the hood it uses the browser's own EventSource, with reconnection included, and the server sends HTML fragments over text/event-stream. The same philosophy as this article, just changing the transport. Along the same lines is Datastar, which unifies Alpine-style reactivity over SSE.

The quick rule: if you need bidirectional, low-latency communication (chat, collaboration, games), WebSocket; if you only push from the server, SSE is simpler and cheaper to operate.

Final notes

HTML over WebSockets is not the answer to everything, and none of these technologies is. The transport is dictated by your problem: if you need real-time back-and-forth (a chat, a live panel, something collaborative), WebSockets; if you only push from the server, SSE; if request-and-response is enough, htmx over HTTP.

Every project is its own world, with its own quirks and limits. If you take away one thing, let it be the idea underneath: send HTML instead of JSON, stay in a single language and cross the API, the contracts and half the Front-End off your list.

Trust a good architecture, not trendy frameworks or patterns.
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	idiomorph, the DOM morphing library that several of these solutions use.

	Datastar, the hypermedia framework that bets on SSE instead of WebSockets.

	Using server-sent events, MDN: how SSE works (EventSource, automatic reconnection, Last-Event-ID, text/event-stream).

	Laravel Reverb, Laravel's first-party WebSocket server (2024): proof that PHP also does real-time without third-party extensions.

	ASP.NET Core Blazor render modes, Microsoft Learn: the Interactive Server mode runs over SignalR (WebSockets).
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Full text couldn't be fetched for this one (paywall, anti-bot, or not an article page). Read it via the links below.
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People who grew up with high economic connectedness earn more

julienreszka.com · 66 points · Discussion

Hard work is grinding and only partly reliable. Luck is random by definition. Research on who you know is far more specific than most networking advice.
Three things supposedly decide whether you succeed: how hard you work, how lucky you get, and who you know. Hard work gets treated as the real answer, the one thing fully within your control, the reason someone made it and someone else did not. The best evidence available says that is not the deciding factor. Who you know is.

Raj Chetty and a team of economists used 21 billion Facebook friendships from 72 million Americans to measure economic connectedness, the share of a person's friends who earn more than they do. Children who grow up with high economic connectedness earn 20 percent more as adults on average than otherwise similar children who do not. Chetty's team sizes that effect by comparison: it is roughly as large as the known effect of a child's own parents earning 47,000 dollars a year instead of 27,000, a separate statistic used only to show how big 20 percent actually is. It was the single strongest predictor of upward mobility they found, ahead of school quality, segregation, and poverty rates.


	People near the bottom of the income ladder have almost no rich friends. Fewer than 2 percent of their friends are in the top 10 percent of earners.

	People at the top cluster with each other instead: 34 percent of their friends come from that same top 10 percent.

	Network cohesion and high rates of volunteering, the kind of social capital most people actually try to build, showed no meaningful link to upward mobility.



The same pattern shows up in how people find jobs, not just how much they eventually earn. A classic 1973 survey found that 56 percent of men got their job through a contact they saw only occasionally, not a close friend. A 2022 randomized experiment on 20 million LinkedIn users confirmed the effect is causal: moderately weak ties, people you know a little but not well, created more job mobility than close ones.

Hard work and luck are both real, but neither is a lever you can pull whenever you want. The circle of people you know a little, not well, is a lever you can pull, the same way an algorithm pulled it for millions of LinkedIn users just by suggesting the right people to them. Most people spend a decade optimizing how hard they work and never spend an afternoon on who they know. The data says they have it backwards.


          Before crediting hard work for your best opportunity, look at who actually got it for you. The people who move your career and your income are usually not your closest contacts or your longest hours. Build the layer of people you know a little, on purpose.

          
        

        Products I recommend

        Free to try, no login needed. Results saved locally in your browser.

        
          	Describe what you do and your own interests, and find people who align. 
Find your people
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Today, we’re announcing that Lovable has raised $400 million in Series C funding at a $13.3 billion valuation, led by Menlo Ventures and co-led by the Scaleup Europe Fund, managed by EQT. The round also welcomes Balderton Capital and Carmignac from Europe, Kaszek Ventures and LTS Growth from Latin America, Tencent and World Innovation Lab from Asia, and Regent from the United States, broadening the group of investors backing Lovable’s global ambition. Returning investors include Accel, Antler, CapitalG, DST Global, Evantic Capital, HubSpot Ventures, and Salesforce Ventures.

Lovable is building the software creation platform that gives those closest to a problem the power to solve it, a generational opportunity that spans billions of people all over the world. This investment moves Lovable closer to becoming the one place where people create new businesses and transform existing ones.

What we’ve been working on

For most people, turning an idea into software once required so much capital, technical fluency, and time that many ideas never came to life. Lovable’s first chapter was about changing that. Since Lovable’s launch in November 2024, people have created more than 60 million projects, and Lovable-built apps see over 900 million visits every month. Within its first year, Lovable reached employees at half of the Fortune 500; now, less than a year later, that figure has grown to nearly two-thirds.

Since our Series B in December 2025, we’ve been building features people need to reach customers, manage day-to-day operations, and run software securely. A few highlights include:


	Payment functionality that helps people monetize

	SEO and AI-search tools that improve discoverability

	Deeper integrations with Google Workspace, Microsoft 365, Salesforce, Stripe, and ElevenLabs

	Automatic and scheduled security scanning

	Earning AIUC-1 certification, the first security standard for AI agents

	Governance and visibility features including publishing controls, abandoned app clean-up, and workspace insights

	A dedicated security page for businesses built on Lovable: publicly published Lovable apps can now come with their own trust center



For many builders, the product they create with Lovable is becoming the business itself. User survey data shows us that nearly 8 in 10 are building a business or side project they hope to monetize, and more than one-third of those are already earning revenue.

Inside established companies like Adidas, NVIDIA, and Deutsche Telekom, teams are using Lovable to create software around critical workflows, replace tools that no longer serve them, and turn promising internal projects into new products and revenue streams.

A few of our favorite stories:


	WNTD [United Kingdom]: Lex Deak, a serial founder with 25+ years experience, built fashion discovery app WNTD using Lovable — saving £25-30K every month, onboarding hundreds of thousands of customers, and closing a £3M funding round.

	Viver de IA [Brazil]: Rafael Milagre built the systems behind his AI education company with Lovable, including its CRM, finance tools, website, and AI SDR workflows. The 54-person company serves more than 1,200 clients and is on track for R$100 million in revenue this year.

	Nursa [United States]: Nursa’s VP of Product, Nenad Ivanovic, built Nursa Study, a new enterprise product for nursing schools, in a single weekend with Lovable. The company has since rolled Lovable out across its 200+ employees, rebuilt its core platform 12x faster, and is in the process of retiring 10 SaaS systems as teams build their own tools.



In our customers’ own words:

Jorge Luthe, Senior Director of Product, Zendesk:


What started as a faster way to prototype has become an important tool for building internal products that support how our teams work. With Lovable, we’ve been able to build solutions tailored to our business needs, from internal training tools to a roadmap application that better fits our workflow and reduces reliance on expensive off-the-shelf software.



Veronika Zatulovskaya, VP of Marketing, Handshake:


Lovable has changed how we think about building internal software. Instead of adding another tool to our marketing stack, our teams can quickly create whatever they need to solve problems — a campaign planning tool, an onboarding experience, or an internal AI resource hub. This gives us more control over how we work and allows us to move faster.



Luca Bonmassar, CTO, Checkr:


With Lovable, our teams are quickly able to build solutions themselves. Our operations team fixed an issue in their QA workflow and can now process 10x more reports. We also built an internal operating system that brings business reviews, roadmaps, OKRs, and project tracking into one place, so our largest org stays aligned and can move faster. Throughout our business, domain experts are building what they need, bespoke to their needs.



Nico Wittenberg, Founder, AVARA:


I first had the idea for AVARA 14 years ago, but building it seemed impossible without millions in funding and a large engineering team. With Lovable, I was able to turn that idea into a real product all by myself. AVARA is now being used in more than 100 countries, and we’re building the travel experience I always believed should exist.



What’s next

Lovable will move faster on the product, infrastructure, and team needed to deliver on our mission: to create a world where the people closest to a problem have the power to solve it.

We have three priorities that will shape what you see from Lovable next:

1. Make Lovable the best platform to build and run your business

Our product will become more proactive: understanding what people are trying to achieve, identifying what needs attention, and increasingly helping carry out the work without waiting to be prompted. Deeper integrations will connect Lovable more closely to an organization’s existing technology stack, allowing teams to build richer, more personalized dashboards and workflows across sales, operations, marketing, and beyond. We will also keep strengthening security, reliability, permissions, and governance so people can continue to trust the software that increasingly helps them operate their businesses.

2. Train the system on what success looks like

As millions of people build with Lovable, the system gets better at understanding which choices lead to stronger outcomes. Our goal is to understand not only whether products are built correctly, but whether they go on to create meaningful outcomes, such as generating revenue, improving a workflow, or helping a business grow. This compounding loop surfaces aggregate patterns, which helps us improve the experience for every builder. Each successful product makes the system smarter, and a smarter system helps more people succeed.

Lovable will continue to draw on the strengths of multiple models, matching each part of the work to the model best suited to handle it and bringing the results together into one seamless experience. We will also continue post-training promising open-source models, with the goal of making the Lovable experience increasingly personal to each person’s goals, context, and way of working. As the AI ecosystem advances, Lovable will turn breakthroughs into better outcomes for the people and businesses building with us.

3. Assemble generational talent to build what is next

Exceptional products are downstream of exceptional people. We plan to grow to roughly 450 team members this year, hiring most heavily in machine learning, product, infrastructure, and security roles. We will keep our center of gravity in Stockholm while expanding in London, Boston, San Francisco, and New York. We are relentless in recruiting the world’s best talent to make Lovable a beloved, enduring product for our customers and build a generational company with deep European roots and extensive global reach.

The lead investors backing Lovable’s next chapter

Menlo Ventures has backed some of the most consequential companies of the AI era, and their decision to deepen their commitment reflects a conviction that Lovable will be an enduring force in what comes next. EQT has chosen Lovable among its first investments of the Scaleup Europe Fund, placing us at the heart of a new effort to help Europe’s most ambitious companies become global leaders. Together, their support in leading this round speaks to what this team has delivered, the scale of the opportunity ahead, and our ambition to build a generational technology company from Europe.

In their own words:

Matt Murphy, Partner, Menlo Ventures:


From the very start, Lovable was built for the billions of people with the creativity and knowledge to make something, but who had always been blocked by technical ability. That focus has created extraordinary growth, a product people love, and a market that expands every time someone becomes a founder or a company rethinks how software gets made. We believe Lovable is, and will continue to be, one of the most generational companies of the AI era.



Victor Englesson, Partner at EQT and Co-Head of the Scaleup Europe Fund:


Anton, Fabian, and the Lovable team have built one of the most ambitious and fastest-growing AI companies we’ve seen. They prove that Europe has no shortage of exceptional founders. We’re excited to co-lead this investment in Lovable through the Scaleup Europe Fund, which reflects exactly why the Fund was established: to help Europe’s most ambitious technology companies become global leaders.



The next generation of software will come from more founders, more places, and more teams inside companies who understand the problem firsthand. Lovable is creating a new category of possibilities for billions of people with ideas worth pursuing and problems worth solving.

If you want to help shape how software gets built, join us. And if there’s a product, internal tool, or business you believe should exist, start building it with Lovable.
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                Introducing Pixel 11 Pro Fold, our latest foldable with a thinner and lighter design, brand-new main camera, added durability inside and out, and enhanced intelligence tools.
              

            
          


          


          
          
          

        


    
    
    

          
          


  
    


  
    Pixel 11 Pro Fold is here, and it’s our most sophisticated foldable yet. With a fresh and durable design, stunning (and helpful) new camera visor with HiLight, and unique features that help you throughout your day, this phone is next-level.
Compact design and enhancements
Pixel 11 Pro Fold is almost 10% lighter and about 1mm thinner than Pixel 10 Pro Fold, so it’s more comfortable to hold in your hand and in your pocket.
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                Designed for Gemini Intelligence and Google Health, your watch provides the help you need right when you need it. Stay on top of your day with proactive assistance, and experience breakthrough Health Guardian features.
              

            
          


          


          
          
          

        


    
  

The Essential Question: “What should I read next?”


25

The Essential Question: “What should I read next?”
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This seems intriguing, judging from the cover.
Few questions matter more than “What should I read next?” Yet we rarely think about our choice in any systematic way.
Most of our experience involves looking - at our parents, first loves, and fellow employees, of course, but just as much at the page and the screen, those engines of knowledge, introspection, and catharsis. Born into the world alone and leaving it that way, we spend the greater part of our time looking and reacting, hopefully to learn. It’s true even if you include the third we spend unconscious in bed.1
A couple of weeks ago Benjamin Breen, author of the excellent Res Obscura Substack about History, Art, and Technology, took “What should I read next?” in a new direction, building a nonfiction book search engine based on the finalists of literary prizes over the past century. That may not at first sound promising, since we already have The National Book Award and The Pulitzers to guide us, but he draws from 72 different awards (Plutarch Award in Biography, anyone? Laura Shannon Prize in Literary Studies?)

My search topic was “libertarian gardening.” And sure enough, it gave me some interesting stuff I hadn’t heard about.
That’s a lot of judges, reading through an enormous number of texts each year and telling you what they liked. A good filter.
Like Breen, part of my rich (and sometimes paralyzing) interest in different subjects comes from days I spent shelving books in a library. Librarians are tolerant book lovers, and, I suspect, secretly like it when a young employee moves slowly through the stacks, perusing the contents of one or another volume before returning it to the shelf.

Or if you prefer, “AI and the Humanities.” The O’Gieblyn book is quite fun. 
I benefited from two filters there. One was the Dewey Decimal System, which meant I could easily check out related volumes on either side of a book on an interesting subject. The other was the personal recommendations of strangers, since someone must have been interested enough in the book to take it out. I once spent five days in the annex, restoring DDS order to a pile of books as tall as me, the consequence of a cascading shelf collapse. That was unfiltered, and harder. When I spent three years in a warehouse in Singapore with 12,000 volumes (salesman, educational publisher) I had the benefit of categories, but no human filter.
That human factor is what appealed to me about Breen’s engine. Until recently, much of the way we consciously read the world in audio, books, even video, came to us through other souls. Today it may be through whatever is pushed at us in social media, those algorithmically sliced versions of stuff people are posting, with the scale and quality generally worse. Everyone knows something better has to come along, with a sustainable business model that doesn’t degrade the content.Some of the most useful early search engines really aggregated people. Yahoo! circa 2000 had buildings full of specialists figuring out one or another of the ever-budding domains of knowledge on the Internet. The system collapsed before fully reaching its logical consequence, a Borgesian parody of infinite categorization of an even larger infinity of knowledge, to the point of overwhelming the Earth. Early Google search was based on mathematically determining how many human-crafted links a page received, and gave authority to a page because a lot of people gave it their time. The drive for quarterly earnings, along with the many interests out to “optimize” their (usually squalid) bit of content, have corroded that process. Certainly, it’s hard to be surprised by the results in a pleasant way.

When we have an issue with the quality and authority of what we’re looking at now, it’s usually because too many robots, often masquerading as people, are involved. To put it another way, a small group of human programmers have artificially distorted their authority, injecting junk into our choice. People remain the great filter, whether we ask a trusted friend what they’ve enjoyed reading, or a stranger of kindred spirit brings you their passionate obsessions.
Share
Companies like Anthropic don’t just name a product “Claude” and treat it like a budding human intelligence to avoid culpability when something goes wrong (“Claude broke out of its sandbox!” is better PR than “we don’t know how to maintain safety standards on our own software!”) They want us to trust it, the way we’re quick to trust most people who give us a recommendation.
One more thing: People who recommend great books you have never heard of are, at their best, friends of the mind. Sometimes they are long dead, but that does not detract from  the connection we feel with them. Great software?  Useful tool, but there is no fellow feeling.


Discussion about this post

Ready for more?
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Photograph courtesy of Molly Cooper.


In the mideighties, at my mother’s insistence, my father started seeing a psychoanalyst named Dr. Stein, who had an office on East Ninety-Sixth Street. I was around nine or ten, and could reliably be found camped out on the carpet in front of our family television, recording or rewatching scenes from my favorite shows, or poring over the latest issues of Teen Beat and Bop, a pair of nail scissors handy to clip out celebrity photos for my bedroom walls. I don’t remember much of what my father said when he’d occasionally mention his visits to Dr. Stein, but one detail that stuck was that he sometimes rode up or down in the elevator with Bill Murray, who happened to live in the building. 

I’m not sure who said it, most likely my mother, but the idea was floated that they resembled each other, my father and Bill. Both were tall, of medium build, with soft, rounded features, blue eyes, wavy brown hair (fair to say somewhat disheveled), and a wry, ready grin. In this comparison, to my young ears at least, there was a sense of something appropriate, even fated perhaps, about these elevator encounters.

At the time, my father was a staff writer at The New Yorker, where he had spent much of the previous two decades covering the Apollo missions and the space voyages that followed. The job, he often said, was the only one he’d ever wanted. As a child growing up in post-Depression New York City, he had been captivated by Jules Verne’s From the Earth to the Moon, which had ushered in a lifelong fascination with space exploration. As a teenager, he had set his sights on The New Yorker and—after cutting his teeth at his college paper, a mandated stint in the army, and a few frustrated months idling in journalism school—he finally caught the attention of its editor. 

Some of his reverence for the magazine inevitably filtered down to me, and I can remember my excitement each week when the latest issue would land on our hallway mail table with FIRST RUN COPY printed across the front. Or the night when, celebrating my father’s fiftieth birthday, a crowd of his colleagues packed into our narrow dining room, cutting into a large chocolate cake topped with a miniature plastic spaceship and fleet of tiny spacemen touching down on a soft vanilla crust. 

***

After I graduated from college, lacking my father’s clear sense of mission, I found myself in Los Angeles, with no real purpose in mind other than to put some distance between myself and the places I knew. I rented a house with two friends: an uninsulated, single-story bungalow with a cement front yard and a broken trampoline in the back. And I took a string of freelance reading and research jobs, in distant service of the film industry. 

By this time, my father’s luck had begun to falter. The national interest in space travel had been on a steady decline since the Challenger disaster, and in the midnineties, he was let go from The New Yorker. He wrote occasionally for other publications, but eventually he found himself slipping into an early and unwanted retirement.

Then, one late-spring morning around the turn of the millennium, a day after he broke his leg in a pothole while running to catch a cab, my mother filed for divorce. Their marriage had never been a good one, but in its later years, they had settled into what felt like a comfortable sort of détente, so the move came as a surprise to everyone, perhaps my father most of all. He lingered in the apartment that summer and fall, until Thanksgiving morning, when my mother finally reached her limit. After that, he moved into a one-bedroom, ate defrosted chicken pot pies for dinner most nights, and learned to do laundry for the first time.

In those early years after the separation, he came out to California to visit me often. We took trips up the coast to Hearst Castle, south to Catalina, and east to Palm Springs, two native New Yorkers shrinking from the sun. I am the youngest of my siblings and had sometimes felt like a bit of an afterthought, so these trips offered a chance to get to know a person who had always seemed just slightly out of reach. 

***

At some point during this time, I started to find more steady film work. After a year spent assisting a young producer in Beverly Hills, I was offered a job by a more established producer named Barry Mendel, who had an office on the Universal Studios Lot. Mendel had recently produced Wes Anderson’s Rushmore and The Royal Tenenbaums, and in the summer of 2002, when I started working for him, he was getting ready to make his third project with Anderson, The Life Aquatic with Steve Zissou. The script, cowritten by Anderson and Noah Baumbach, tells the story of an aging oceanographer, the eponymous Zissou, who sets out, after a series of failures, on what is probably his final expedition—an ill-fated voyage to exact revenge on the mythical shark responsible for killing his best friend. 

The following summer, I flew from Los Angeles to Italy, where the film was to be shot. The production was based at Cinecittà Studios, on the outskirts of Rome, a sprawling compound built just before World War II, which served as a location for Ben-Hur and Roman Holiday, as well as many classics of twentieth-century Italian cinema. My desk was in the production department, on the second floor of Stage 15, next to the spaces where we were to do much of our indoor filming. I shared an office with a quiet Italian woman whose nickname was Mouse, and as preproduction got underway, I spent most of my days running errands, rolling calls for Mendel, and schooling myself in the details of film budgets and schedules. Sometimes I’d visit the art workshops, where I could see the costumes and props in their various phases of completion. On my way up to my desk, I could hover just inside the door of a soundstage while painters and carpenters worked at their tasks, watching the sets slowly rise. 

My new colleagues and I met up for dinner most nights, sitting outside in the stifling heat on cobblestoned streets, and on weekend afternoons searched for movie theaters playing American films with their original English dialogue, subtitled and not dubbed. I had recently bought my first iPod, and on weekend mornings, I would walk from my small, top-floor apartment on the Via Giulia up to the Borghese Gardens, listening to the Smashing Pumpkins’ “1979” on repeat, reveling in my unimaginable good luck. 

The actors weren’t there yet, but they had been cast and were due to start arriving soon. The main roles would be played by Cate Blanchett plus a few Anderson regulars: Owen Wilson, Anjelica Huston, Seymour Cassel, and, in the role of Steve Zissou, Bill Murray.

***


Photograph courtesy of Molly Cooper.


At the tail end of the summer, just before production was set to begin, my father came for a visit. He arrived in time for a weekend, and we spent two hot days wandering around the old Roman Forum, climbing the narrow stairwell in the dome of Saint Peter’s, and sitting on the Spanish Steps to take in the crowds. His leg hadn’t fully healed, and I noticed he was a little less sure on his feet, often needing to stop for a rest.

On Sunday evening, just as we were finishing dinner, my cellphone rang. It was a friend from the production. He explained that an actor who had flown in from New York to play a small role had gotten sick, and the casting office was having trouble finding a replacement. Someone remembered that my dad was in town—he was roughly the right age and, more importantly, a native speaker of English. No matter if he hadn’t acted before. Would he be willing to come in for a screen test?

I asked my friend if he was joking—it wouldn’t have been entirely out of character—but he wasn’t. And so, with a degree of ambivalence, I promised I would ask. 

The following morning, my father, half-amused and half-curious, with a helpfully open schedule and low expectations, took a taxi to the casting studio. Never noted for his acting talent, he fumbled his way through the reading, misdelivering the lines. But something—perhaps his distinctive manner of speaking, an unplaceable, mid-Atlantic lockjaw, or some element of his signature tatty style—must have bespoken potential. Or maybe they really were just out of options. The next thing I knew, the costume department was asking me for his shoe size.

His scene was scheduled to be filmed less than forty-eight hours later, on the first official day of the shoot. The script would be delivered to his hotel, but given the tight turnaround, there would be no time for advance fittings or rehearsals. A few test shots had been filmed, but this was the first day on which formal reports and footage would be sent back to the executives in Los Angeles—the start of an ambitious, monthslong slog. A mood of harried anticipation was in the air.

***

Early on the morning of the shoot, I picked up my father from his hotel. Anxiety is a thread that weaves through my family, binding us all. I can vividly remember my mother clutching the hands of strange men on airplanes, her palms drenched in sweat, as we weathered minor turbulence. Once, she tried to refuse a community-service award because she didn’t want to appear onstage to collect it. 

My father, always preternaturally comfortable at social gatherings, struggled with anything resembling a real stage, and as he got into the car that morning, he announced that he felt like a lamb going to slaughter. Since childhood, he had contended with an intermittent stutter, which often presented as a sort of boarding school affect held over from his youth. But it became more vexing when he was nervous, and as we made our way down the winding streets of central Rome toward the larger thoroughfares leading to Cinecittà, I could hear it starting to surface.

I dropped him off at the costume department and headed back to my office. His scene was first on the schedule, set to shoot right after lunch. In it, he was to play a television talk-show host interviewing Zissou and his crewmate, played by Seymour Cassel. The scene was short, consisting of only a brief exchange: my father, as the interviewer, was to ask a question; then Bill Murray was to shrug, and Cassel would give a one-line response. 

On my way up to my desk, I stopped in at the soundstage. At the far end of the vast space, a small set had been erected: a faux television stage, midcentury in style and outfitted in shades of orange and brown. In the middle, flanking a low, lacquered coffee table, were three tawny, padded swivel chairs, casually awaiting their occupants.

Around lunchtime, I went to look for my father and found him sitting in a makeup chair in front of a bank of theater mirrors. His navy-blue blazer and scuffed Rockports had been traded for a roomy Italian suit, dove gray with white pinstripes, and sleek, honey-colored dress shoes. A white tissue had been fixed under his glasses to shield them from the buff makeup coating his face, and a stylist was coiffing his hair. It was hard to talk much amid these ministrations, but even in our brief exchange he imparted an air of deep dismay.

Just as I was getting back to my desk, the phone rang. The voice was familiar: it was Bill Murray, and he had a question. He had known Anderson to cast people with no previous acting experience. He had worked with some of these people in the past.

“Has your father ever acted before?” he asked. His tone sounded somewhere between amused and alarmed.

I explained, regretfully, that he had not.

There was silence, followed by a long sigh. 

***

The overhead lights had been switched off, and the little set was aglow in the middle of the room. The crew were crowding around, attending to finishing touches or waiting astride apple boxes. The three cast members arrived, led in by a team of production assistants, and took their places on the set. 

In the decade or two since they had stood side by side in an elevator, my father and Murray had stopped resembling each other, if they ever really had. In his pale blue oceanographer’s suit, Murray looked healthy, tanned, robust; his hair dyed blond for the role, his beard cut neat, he appeared patently self-assured. My father, in comparison, looked small and tired up on stage, his mouth fixed in a half smile, the bright lights drawing attention to his thinning hairline and shiny skin (another shared family trait).

The room quieted, and Anderson, in a tan suit and Wallabees, moved toward the set and began running through the scene. My father was first: he started in on his line but then abruptly stopped, realizing he’d mixed up two names. He announced his mistake, and Anderson gently prompted him to try again. This time, he made it through the first part of the line but forgot the second. On his third try, the words were right but the rhythm was off. This pattern continued: a name wrong, a phrase left out, the cadence not quite there. A few times, Cassel, fresh off a plane and jet-lagged, botched his delivery. But mostly the errors were my dad’s. Murray sat in the middle, arms folded, a look of mild exasperation on his face.

Finally, Anderson started rolling the camera, and I moved to the back of the room, far from the stage lights, where I walked in circles on the concrete floor, listening uneasily as the takes began to pile up. The minutes slid by, soon approaching an hour. Eventually, during a momentary reset, I slipped quietly out the stage door.

***

My father, whose natural good humor gave rise to a generous wit, had a knack for telling stories. Once back home in New York, he didn’t just dine out on this one, he feasted. He had found his new subject, and no audience was wrong. He wrote up a version of the events, playing up the gaffes, casting himself as the guileless ingenue and me as the loyal agent, and published it in his college alumni magazine. He rechristened his pontoon boat, formerly The Summer Squash, in honor of the film, commissioning a colorful wooden sign to herald its new name: The Life Aquatic. On his mantelpiece, he placed a fake Oscar gifted by a friend and a series of framed photographs from the shoot, and these items would elicit further retellings anytime a new person came for a visit: “Have I told you about my star turn?” It didn’t matter if he already had. There was always some new spin he could put on it. 

At the time, this repurposing of the narrative puzzled me. It might have been the scaling up, the way in which a brief and awkward event had been granted such exalted proportions. But looking back, I think I understand it better. As much as the experience stirred something in me, it clearly stirred something deeper in him. 

Late in The Life Aquatic, Zissou laments, “I haven’t been at my best this past decade.” The film is technically a comedy, but a wistfulness lies at its core. The death of Zissou’s best friend, Esteban, begins the story, and the losses continue to mount from there: Zissou’s wife, Eleanor, walks out on him, and he later loses his professional credibility, along with some of his crew.  In one of the film’s final scenes, staring out the window of his minisub at the elusive jaguar shark, Zissou begins to cry. A moment later, he reaches out to touch the belly of the pregnant reporter sitting at his side. She responds by saying, “In twelve years, he’ll be eleven and a half.” A smile emerges through Zissou’s tears. He professes, “That was my favorite age.”

In a way, despite the apparent randomness of all the preceding events, it seems possible to argue that my father’s casting was appropriate—even fated. The role he played, a late mid-century reporter tasked with interviewing a pair of scientific adventurers, wasn’t so far from his lived reality. Then again, neither was the story of the film’s main character, a man pushing late middle-age, a bit bruised but still up for one last spin.

***

I flew back to Los Angeles at the end of the shoot, and a few months later, I put in my notice, packed what few belongings I had acquired in my four years on the West Coast, and made my way back to New York. I worked on several more films in the following years, but my father was never cast again. In 2016, he died.

My sisters and I had often talked about putting him on tape, recording some of his best stories for posterity, but as sometimes happens with such plans, we never got around to it. In the end, the only recording I have of him is this scene, an eight-second clip, cut into the middle of a busy party montage, in which he briefly leans forward across an old tube-television screen and delivers the correct, final version of his line: “People say Eleanor is the brains behind Team Zissou. What is Steve?”



Molly Cooper is a film producer and writer.
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                What if I told you that some of the most used
                algorithms to find the shortest path in a graph,
                calculate gradients while training a neural network, and
                parse context-free grammars are essentially
                implementations of the same principle? It is called
                dynamic programming and is one of those
                instances in mathematics where a simple principle
                unfolds into profound conclusions ranging over many
                fields. In fact, we can, already in this first
                paragraph, summarize the idea using Richard Bellman’s
                (Dynamic Programming’s creator) own words:

                
                An optimal policy has the property that whatever the
                initial state and initial decision are, the remaining
                decisions must constitute an optimal policy with regard
                to the state resulting from the first decision.

                

                I have to admit that despite encountering dynamic
                programming in different contexts, it took me a while to
                finally get the “click” that they were actually the same
                thing. When learning algorithms and data structures, it
                was a memoization-based technique where you could speed
                up some algorithms by first solving the easier parts and
                storing the solution for later use. Then, at work, I
                mostly deal with solving a lot of linear programs for
                long-term scheduling problems.1 The main algorithm
                we use, called Stochastic Dual Dynamic
                Programming, at first didn’t seem so much like the
                programming technique from the algorithms class.
                Finally, one of the main methods for model-based
                reinforcement learning is again called dynamic
                programming, and it also didn’t seem so much like the
                other instances.

                So, what’s happening here? Did everybody choose to
                call their algorithms dynamic programming just because
                it’s a cool name?2 Well, in
                fact there are some principles that apply to all of
                those instances, from planning a rocket’s trajectory to
                TeX’s word-wrapping. And the list
                goes on and on.

                I want to invite you to a journey through many realms
                of mathematics. We will range from automata to optimal
                control, passing through Markov chains, dynamical
                systems, linear programming and even metric spaces. Take
                your seat and enjoy the ride!

                On
                Decision-Making and State Machines

                Before delving into dynamic programming per se, we
                first have to establish a few concepts. After all, it’s
                always best to know which problems you intend to solve
                before learning a method to solve them, right?

                As a matter of motivation, let’s start with something
                I am really fond of: old school plataformer games. In
                our hypothetical game which is definitely not about some
                Italian plumber, the character stands idle doing nothing
                by default. But with the press of a button in the
                controller, the player may command the character to do a
                few things: shoot, jump, or walk. And, of course, each
                of these actions activate the respective animation on
                the screen. In the best Resident Evil style, this game
                only allows a character to shoot while idle and forces
                you to first be idle after a jump before doing any other
                action. Think of that as the time it takes to restore
                one’s balance after falling. This description may seem
                overly complicated on text, but fortunately the nice
                folks in the Comp Sci department already invented
                diagrams that show these transitions nicely.

                
                Our modeling above is an instance of something called
                a state machine or automata if you’re
                into Greek words. There are 4 states in which the
                character might be and at each one there is an available
                set of actions to take that transitions that state. More
                abstractly, an automaton is a system that can be in one
                of many states s \in
                \mathcal{S} and at each state, you can choose
                among a set of actions a \in \mathcal{A}(s).
                Whenever you take an action, the system changes to a new
                state according to a transition function

                T : (s : \mathcal{S})
                \times \mathcal{A}(s) \to \mathcal{S}.

                Unfortunately life is not known for its free lunches
                and, in general, whenever one takes action a at state s, it is necessary to pay a
                certain cost, properly modeled as another
                function

                c : (s : \mathcal{S})
                \times \mathcal{A}(s) \to \mathbb{R}.

                Depending on the context this can be, for example, a
                real monetary cost (in economic contexts), some total
                distance or elapsed time (for planning) or even a
                negative cost representing a reward.

                The Dynamics of
                Decision-Making

                Iterating the transition T establishes a dynamics for
                our system: by starting at an initial state s_0 and taking a sequence of
                actions \{a_t\}, we
                generate a trajectory over the state space.

                
                s_{t+1} = T(s_t, a_t).
                

                When viewed in this light, our state machines are
                called controllable dynamical systems or
                decision processes, which are yet additional
                cool names for you to memorize.

                One can argue that a state encapsulates all you must
                know about your system in order to choose an action, no
                matter the previous history nor time step. Indeed, if
                any other thing affects your choice, you can, without
                loss of generality, model the process as a larger
                automaton where the state also carries the additional
                information. Thus, controlling a dynamic system amounts
                to selecting a valid action for each state, that is, a
                function

                \pi : (s : \mathcal{S})
                \to \mathcal{A}(s).

                In the literature this is called a policy,
                in analogy to a government taking actions to control the
                state of the nation.

                Starting at state s_0 and following a policy
                \pi produces a
                deterministic dynamical system without the need for
                choosing a control:

                
                s_{t+1} = T(s_t, \pi(s_t)).
                

                This dynamics, in counterpart, yields a cost c(s_t, \pi(s_t)) for each
                time step. We could define the total cost for \pi as the sum of those
                costs, but there is an additional detail to notice.
                Suppose that, for any reason, money is short and you had
                to take a loan in order to pay your bills. In those
                struggling conditions, would you prefer to pay the money
                back today or next year?

                Sometimes there are factors such as inflation or
                interests making future costs have a real value that is
                different from its nominal value. This prompts us to
                introduce a problem dependent discount factor
                \gamma \in [0, 1]
                representing how much the cost depreciates over time.
                The total cost of following a certain policy \pi is the cumulative sum of
                all properly discounted costs we generate by following
                it. We define the value function v^\pi : \mathcal{S}\to
                \mathbb{R} associated with \pi as the total cost of
                starting at a given state:

                
                \begin{array}{rl}
                v^\pi(s) = & c(s_0, \pi(s_0)) + \gamma c(s_1,
                \pi(s_1)) + \gamma^2 c(s_2, \pi(s_2)) + \ldots \\
                  \textrm{where}  & s_0     = s, \\
                                  & s_{t+1} = T(s_t, \pi(s_t)), \\
                \end{array}
                

                Besides from its practical interpretation, the
                discount factor \gamma
                also plays a significant role from the analytical point
                of view. If |\gamma| <
                1 and the costs are uniformly bounded (which is
                the case for a finite action space, for example) we can
                guarantee that the series defining v^\pi converges for any
                choice of actions and initial state. That is, suppose
                there exists M > 0
                such that

                \forall s \in \mathcal{S},
                a \in \mathcal{A}(s),\, |c(s, a)| \le M.

                This bounds the total cost by a geometric series that
                cannot blow up,

                
                \sum\limits_{t=0}^\infty \gamma^{t}|c(s_t, a_t)| \le
                \sum\limits_{t=0}^\infty \gamma^{t} M \le \frac{M}{1 -
                \gamma},
                

                Thus guaranteeing that the value function is
                well-defined.

                Optimal Decisions

                Having multiple possible courses of action prompts us
                to ask which one is the best. When programming a robot
                to escape a labyrinth, you want it to take the least
                amount of time; When controlling a spaceship towards the
                moon, it is important to guarantee that it will use the
                least amount of fuel; When brawling at a bar, you want
                to knock out your foe while sustaining the least
                injuries possible. Most of all, the best policy is the
                one with the least cost taking all time into
                account — both the present and its future consequences.
                For example, sometimes a policy that has a higher cost
                for the first state is overall better because it puts us
                into a more favorable state. Thus, our problem can be
                naturally formulated as searching for optimal
                policies:

                
                Starting at state s,
                find a policy \pi
                producing the least total cost over time.

                

                Or equivalently in math language:

                
                \begin{array}{rl}
                \min\limits_\pi v^\pi(s) =
                  \min\limits_{a_t} & \sum\limits_{t=0}^\infty
                \gamma^{t}c(s_t, a_t) \\
                  \textrm{s.t.}     & s_0     = s, \\
                                    & s_{t+1} = T(s_t, a_t), \\
                                    & a_t \in \mathcal{A}(s_t).
                \end{array}
                

                Right now, this may seem like a big and scary
                optimization problem but in fact it contains a lot of
                structure we’re able to exploit. That is the subject of
                the next section. But, before we continue, let’s go over
                a little tangent on how to formulate some classical
                problems in this decision-making framework.

                Example:
                Shortest Path in a Graph

                Suppose you are at your hometown and just received a
                message from a friend telling you that there are singing
                llamas in Cuzco, Peru, right now. This makes you at the
                same time incredulous and curious, so you just pick your
                favorite bike and get on the road towards Cuzco.
                Unfortunately there are no direct bikeways connecting
                your home to Cuzco, meaning that you will have to find a
                route going through other cities. Also, there is a risk
                that the llamas will stop to sing at any time and just
                go back to their usual behavior of eating grass
                throughout the mountains. This prompts you to decide to
                take the shortest possible path to Cuzco.

                The above description is an instance of finding the
                shortest path in a graph. In it, we represent each city
                by a graph node and direct routes between two cities as
                a weighted edge where the weight is the distance. Going
                from home to Cuzco amounts to finding the path between
                those two nodes with the smallest total distance.

                The translation from this graph description to a
                decision process is quite straightforward.

                
                	States: nodes in the graph.

                	Actions at state s: edges going from s to another node.

                	Transition: the opposite node on
                the same edge. That is, given an edge s \to s', T(s, s \to s') =
                s'.

                	Costs: c(s, a) is the weight of edge
                a — the time taken
                traveling through that edge.

                

                Finding the shortest path from s to z is the same as setting the
                initial state to s and
                making z a terminal
                state of our dynamics.

                
                Alright, it’s finally time to start optimizing those
                decision problems. The simplest idea would be to
                exhaustively search the space of all actions trying to
                find the best solution. Notice that even for finite
                states and horizon, this may be prohibitively expensive
                since the possible candidates grow exponentially with
                the time steps. Any practical method must take into
                account how this class of problems naturally breaks
                apart into separate stages.

                Our approach will involve the famous Bellman
                principle of optimality, which is the cornerstone
                of dynamic programming. Taking Richard E Bellman3’s own words,
                it reads as:

                
                An optimal policy has the property that whatever the
                initial state and initial decision are, the remaining
                decisions must constitute an optimal policy with regard
                to the state resulting from the first decision.

                

                Alright, what does this mean? What the principle of
                optimality is telling us is that in order to calculate
                an optimal policy, we should turn this iterative process
                of making actions and calculating costs into a recursive
                procedure. That is, taking an action a at the initial state s puts us into a new state
                s' = T(s, a) where
                we are again faced with the exact same problem of
                finding an optimal policy, but this time starting at
                s'. Let’s see how
                we can exploit this idea.

                Remember that we defined the value function v^\pi as the total cost of
                following a policy \pi
                when starting at a given state. Let’s define the
                optimal value function v^\star as the total cost of
                choosing the best course of action while starting at a
                certain state s.

                
                \begin{array}{rl}
                v^\star(s) =
                  \min\limits_{a_t} & \sum\limits_{t=0}^\infty
                \gamma^{t}c(s_t, a_t) \\
                  \textrm{s.t.}     & s_0     = s, \\
                                    & s_{t+1} = T(s_t, a_t), \\
                                    & a_t \in \mathcal{A}(s_t).
                \end{array}
                

                Notice in the optimization problem above that the
                initial state is only ever used to choose the first
                action. Later actions do not depend directly on it but
                only on its consequences. This means that we can break
                the problem into two parts: calculating an immediate
                cost dependent only on the initial state and
                calculating a future cost dependent on all the
                ensuing states.

                
                \begin{array}{rl}
                v^\star(s) =
                  \min\limits_{a,a_t} & {c(s, a)} + \left(
                    \begin{array}{rl}
                      \min\limits_{a_t} & \sum\limits_{t=1}^\infty
                \gamma^{t}c(s_t, a_t) \\
                      \textrm{s.t.}     & s_1 = s', \\
                                        & s_{t+1} = T(s_t, a_t), \\
                                        & a_t \in \mathcal{A}(s_t)
                    \end{array}
                  \right) \\
                  \textrm{s.t.} & s' = T(s, a), \\
                                 & a \in \mathcal{A}(s).
                \end{array}
                

                There’s already some recursive structure unfolding in
                here! What is still missing consists of noticing that
                since the sum in the future cost starts at t = 1, we can factor out
                \gamma. By renaming
                l = t-1 we get

                
                \sum\limits_{t=2}^\infty \gamma^{t-1}c(s_t, a_t)
                = \gamma \sum\limits_{t=2}^\infty \gamma^{t-2}c(s_t,
                a_t)
                = \gamma \sum\limits_{l=1}^\infty \gamma^{l-1}c(s_l,
                a_l),
                

                and applying this in the expression for v^\star,

                
                \begin{array}{rl}
                v^\star(s) =
                  \min\limits_{a} & c(s, a) + \gamma\left(
                    \begin{array}{rl}
                      \min\limits_{a_l} & \sum\limits_{l=0}^\infty
                \gamma^{l}c(s_l, a_l) \\
                      \textrm{s.t.}     & s_0 = s', \\
                                        & s_{l+1} = T(s_l, a_l), \\
                                        & a_l \in \mathcal{A}(s_l)
                    \end{array}
                  \right) \\
                  \textrm{s.t.}  & s' = T(s, a), \\
                                 & a \in \mathcal{A}(s).
                \end{array}
                

                Although this is a huge expression, it should be
                straightforward to see that the expression for the
                future cost is exactly the optimal value v^\star(s') of starting
                the dynamics at s' = T(s,
                a). This way, the principle of optimality express
                itself mathematically as a recursive equation that the
                value for an optimal policy must satisfy.

                
                \boxed{
                  \begin{array}{rl}
                   v^\star(s) =
                    \min\limits_{a} & c(s, a) + \gamma
                v^\star(s') \\
                    \textrm{s.t.}  & s' = T(s, a), \\
                                   & a \in \mathcal{A}(s).
                  \end{array}
                }
                

                This is called the Bellman equation and all
                dynamic programming consists of methods for solving it.
                Even more: we can think of the Bellman equation as a
                recursive specification for the decision problems and of
                dynamic programming as any problem-specific
                implementation that solves it.

                Existence, Uniqueness and Fixed
                Points

                It is time to get deeper into analysis. Whenever
                mathematicians see a recursive relation such as the
                Bellman equation, they immediately start asking such
                things: what guarantees do we have about v^\star? Can I trust that it
                is unique? Does it even exist? Surely we mathematicians
                may seem a bit too anxious with all these questions, but
                they are for good reasons. Besides the guarantee that
                everything works, in this case proving the existence of
                a solution also teaches us how to construct it! So pay
                attention, because in the next section we’re going to
                adapt the theorems in here into algorithms to solve the
                Bellman equation.

                Recursion has a deep relationship with fixed points,
                allowing us to use whichever is more practical to our
                goals. To solve a problem with dynamic programming, our
                first step will be to write the Bellman equation as the
                fixed point of an operator \mathcal{B}: (\mathcal{S}\to
                \mathbb{R}) \to (\mathcal{S}\to \mathbb{R})
                called — guess what — the Bellman Operator. It
                takes value functions to value functions and is defined
                as

                
                \begin{array}{rl}
                (\mathcal{B}v)(s) =
                  \min\limits_{a} & c(s, a) + \gamma v(s') \\
                  \textrm{s.t.}  & s' = T(s, a), \\
                                 & a \in \mathcal{A}(s).
                \end{array}
                

                Now, the optimal value function v^* is the fixed point We
                thus reduce the question of existence and uniqueness of
                solutions for the Bellman equation to finding fixed
                points of \mathcal{B}:

                 v^* =
                \mathcal{B}v^*.

                If you are not accustomed to fixed points, the
                transition above from the Bellman equation to operator
                may seem strange. Hence, let’s go through a little story
                in order to develop some intuition.

                Imagine that you are the king/queen of a fantastical
                kingdom. You are an absolute monarch and whatever action
                you decide to take, your subjects will follow. Lately,
                the kingdom’s reserves are running dry and your
                counselors advised you to define a clear governing
                policy in order to minimize the kingdom’s spending.
                Since besides a ruthless ruler you’re also a great
                mathematician and a fan of this blog, at this point you
                already know what must be done to save your kingdom from
                bankruptcy: solve the Bellman equation.

                Because at this point of the post you still don’t
                know how to solve it, you decide to take advantage of
                your fantastical world and hire a wizard to look into
                his crystal ball and act as an oracle telling you how
                much each state of affairs will cost to the kingdom in
                the future. After God knows how many rituals and
                incantations, the wizard hands you a shining new value
                function \char"1f52e:
                \mathcal{S}\to \mathbb{R}.

                Since it is never wise to blindly follow a crystal
                ball’s advice, you decide to use it only to predict the
                future, while relying on your discernment for taking
                immediate decisions. In other words, you rule your
                kingdom by solving the optimization problem

                
                \begin{array}{rl}
                  (\mathcal{B}\char"1f52e)(s) = \min\limits_{a}
                & c(s, a) + \gamma \char"1f52e(s') \\
                  \textrm{s.t.}  & s' = T(s, a), \\
                                 & a \in \mathcal{A}(s).
                \end{array}
                

                Thus, the process of going from prediction to
                decision is precisely the Bellman operator. The function
                \mathcal{B}v is the
                cost of choosing the best action taking v as your future
                estimate.

                A Useful Theorem

                Alright, we have transformed the problem of finding
                an optimal decision into solving the Bellman equation,
                and then transformed it again into finding a fixed point
                to the Bellman operator,

                 \mathcal{B}v^\star =
                v^\star. 

                If this seems as complicated — although more abstract
                — as where we started, have no fears! We just arrived at
                a point where we can invoke a powerful theorem from
                Analysis to solve all our issues at once. Behold the
                Banach Fixed Point Theorem!

                
                In a complete metric space (M,\mathrm{d}), any
                continuous f : M \to M
                that decreases the distance between points:

                 \mathrm{d}(f(v), f(w))
                \le \gamma \mathrm{d}(v, w),\; \textrm{for } \gamma \in
                [0, 1),

                Has a unique fixed point v^\star.

                Furthermore, one can arrive at v^\star from any initial
                value v_0 by iterating
                f:

                 \lim_{n \to \infty}
                f^n(v_0) = v^\star,\; \forall v_0 \in M.

                This procedure converges linearly with the error at
                each iteration bounded as

                 \mathrm{d}(v_n, v^*) \le
                \frac{\gamma^n}{1 - \gamma} \mathrm{d}(v_0,
                f(v_0)).

                

                Proving this theorem is out of scope for this post4. However, we can
                think of it as saying that if a mapping shrinks all
                distances, then eventually the image of all points will
                be squeezed into a single point.

                What we care the most about this theorem is that it
                gives us a constructive recipe to find fixed points on
                metric spaces. All we have to do is to interpret the
                fixed point equation as an update rule,

                 v \gets f(v),

                And iterate it until the distance converges to below
                a certain tolerance. It is then straightforward to
                convert the description above into a computational
                procedure.

                function fixed_point(f; v0, tol)
  v = f(v0)
  while distance(v, v0) > tol
    v0 = v
    v  = f(v)  # Update rule
  end
  return v
end

                A Metric
                Space of Value Functions

                To apply the Banach fixed point theorem to the
                Bellman operator, we must find a suitable function space
                where \mathcal{B} is a
                contraction. A fitting choice are the bounded continuous
                functions over the states, C^0_b(\mathcal{S},
                \mathbb{R}) with distance given by the uniform
                norm

                 \mathrm{d}(v, w) = \|v -
                w\|_\infty = \sup_{s \in \mathcal{S}} |v(s) -
                w(s)|.

                In this (complete) metric space, \mathcal{B} turns out to be a
                contraction with factor \gamma (yes, the discount
                factor). Furthermore, for finite state spaces, any
                function is continuous and bounded, meaning that
                the above encompasses all algorithms of interest in this
                post.

                Since I don’t want to depart too much from the post’s
                main topic nor dive into mathematical minutiae, we are
                going to relegate the necessary proofs to an appendix.

                
                Any decision process with discount factor \gamma < 1 has a unique
                optimal value function v^\star satisfying the
                Bellman equation

                
                  \begin{array}{rl}
                   v^\star(s) =
                    \min\limits_{a} & c(s, a) + \gamma
                v^\star(s') \\
                    \textrm{s.t.}  & s' = T(s, a), \\
                                   & a \in \mathcal{A}(s).
                  \end{array}
                

                Furthermore, you can calculate the (not necessarily
                unique) optimal policy via

                
                  \begin{array}{rl}
                   \pi^\star(s) =
                    \argmin\limits_{a} & c(s, a) + \gamma
                v^\star(s') \\
                    \textrm{s.t.}  & s' = T(s, a), \\
                                   & a \in \mathcal{A}(s).
                  \end{array}
                

                

                It all follows from applying the Banach fixed point
                theorem to the Bellman operator.

                The above result is what I like to call a “bazooka
                theorem”, because besides guaranteeing the existence and
                uniqueness of an optimal value function — and
                consequently an optimal policy — it also teaches us how
                to calculate it for finite states, as we will shortly
                see in the ensuing section.

                Solving the
                Bellman Equation

                Dynamic Programming consists of solving the Bellman
                Equation, and, as with all famous equations, there are
                many possible approaches. Which one to choose will
                depend on the problem and hardware at hand.

                From now on, let’s assume that both the state \mathcal{S} and action \mathcal{A}(s) spaces are
                finite. This allows us to focus on exhaustive
                methods exploring the entire state space. There are
                other methods, such as Reinforcement Learning or Dual
                Dynamic Programming, which are able to generalize the
                ideas in here to infinite spaces. But this is a story
                for another night…

                Before jumping into the algorithms, it is worth
                discussing a couple of technical decisions we must make
                in order to implement them.

                This first thing we must notice is that although the
                most straightforward way to represent functions in a
                programming language is through computational
                procedures5, it
                would be quite inefficient in our case. This happens
                because altering procedures for improvement is
                computationally expensive. Thus, by efficiency reasons,
                it is customary to represent the policy and value
                function not as functions but using some other data
                structure. Since our state space is finite, there is a
                wide range of data structures capable of exactly
                representing such functions. Common choices are arrays
                or hash maps, but you can really use anything capable of
                storing coefficients. Below we see some examples with
                these types for in-memory storage.

                # Storage with vector / array
# WARNING: This requires some method idx : States -> Int for later indexing
function asarray(f :: Function)
  return [f(s) for s in States]
end

# Storage with hash map / dictionary
function asdictionary(f :: Function)
  return Dict(s => f(s) for s in States)
end

                The memoization that people associate with dynamic
                programming lies entirely in this “trick”. However, it
                is good to keep in mind that this is only a matter of
                computational representation of functions and is totally
                orthogonal to any algorithmic design. In a language with
                first-class functions, it is possible to do dynamic
                programming using only function composition. It just so
                happens that it will not be as fast as one would
                like.

                In the algorithms, we will write this choice of
                representation as two opaque types
                Values{States} and
                Policy{States, Actions}, assumed to deal
                with all boilerplate as needed.

                Another important thing to mention is that we will
                also only interact with a process via its total
                cost, never touching its constituent parts
                separately6. Hence,
                let’s already build a function that does the conversion
                for us.

                # Turn a decision problem into its respective cost function.
function total_cost(p :: Process)
  return (v, s, a) -> p.cost(s, a) + p.γ * v[p.next(s, a)]
end

                Notice how we used square brackets to represent that
                we are accessing a data structure instead of calling a
                function.

                Value Iteration

                Thus, we arrive at our first algorithm: value
                iteration. Recall from the previous discussion that
                iterating the Bellman operator over any input converges
                towards the optimal value function. The algorithms main
                idea comes quite straightforwardly from it: convert the
                Bellman equation into an update rule to find its fixed
                point.

                 v \gets \mathcal{B}v.
                

                We can thus start with any initial value function
                v_0 and iterate the
                update rule above. By the magic of the Banach Fixed
                Point theorem, this will converge towards the optimum.
                This procedure repeats until the uniform error \| v - \mathcal{B}v \|_\infty
                becomes less than a previously set tolerance.

                Each iteration of our algorithm comes from evaluating
                the Bellman operator in our previously chosen
                representation. Let’s thus use our
                total_cost to write it.

                # The Bellman operator corresponding to a decision process.
# It uses a storage representation `Values` for the value function.
function bellman_operator(prob :: Process)
  return function(v)
    Bv = Values{States}()  # Empty representation
    for s in States
      Bv[s] = minimum(a -> total_cost(prob)(v, s, a), Actions(s))
    end

    return Bv
  end
end

                Finally, the algorithm consists of iterating the
                procedure generated by bellman until it
                converges to the fixed point. Afterwards, we calculate
                the policy as the optimal solution for the determined
                value function. The name value iteration is
                because it only uses the value function in the update
                process, with the calculated policy playing no role.

                function value_iteration( prob :: Process     # Data for decision process
                        ; v0 = zeros(States)  # Warm start --- all zeros if you don't know any better
                        , tol)                # Stopping tolerance
  # The optimal value function is the fixed point of the Bellman Operator
  v_opt  = fixed_point(bellman_operator(prob); v0, tol)

  # The optimal policy is the choice of action for the total cost with the optimal value function.
  π_opt  = Policy{States, Actions}()
  for s in States
    π[s] = argmin(a -> total_cost(p)(v_opt, s, a), Actions(s))
  end

  return π_opt, v_opt
end

                The algorithm above comes from directly implementing
                the Fixed Point Theorem, and, because of this, is
                guaranteed to converge
                linearly to the optimum. At each iteration, we do
                one evaluation of the Bellman operator requiring \mathrm{O}(|\mathcal{S}|\cdot|\mathcal{A}|)
                operations. Nevertheless, at each iteration, the
                minimization procedures happen independently for each
                state, making the evaluation of \mathcal{B}v embarrassingly
                parallel on the states.

                In-place Value
                Iteration

                Despite the parallelization opportunities shown by
                the previous implementation, it can feel too sluggish
                when implemented sequentially, because it waits until
                after traversing all states to update the value
                function. Another approach, better suited for a
                sequential machine, is to update the value function
                in-place in order to promptly propagate the improved
                information to the other states. The trade-off is that
                this approach is no longer able to broadcast the
                optimization across many processes in parallel.

                Algorithmically speaking, the only required change is
                rewriting the fixed point iteration procedure to
                calculate in-place.

                function fixed_point_inplace!(f, v; tol)
  maxerr = Inf
  while maxerr > tol
    maxerr = 0  # Start with smallest error possible
    for s in States
      prev = v[s]
      v[s] = f(v)[s]
      # Estimate ||f(v) - v||_∞ component by component
      maxerr = max(maxerr, abs(v[s] - prev))
    end
  end

  return v
end

function value_iteration_inplace!(prob, v0 = zeros(States) ; tol)
  v_opt  = fixed_point_inplace!(bellman_operator(prob), v0 ; tol)

  π_opt  = Policy{States, Actions}()
  for s in States
    π[s] = argmin(a -> total_cost(p)(v_opt, s, a), Actions(s))
  end

  return π_opt, v_opt
end

                In the animation below, we can see in-place value
                iteration in action for the problem of escaping from a
                maze. In this model, each state is a cell in the grid
                and the actions are the directions one can take at that
                cell (neighbours without a wall). The objective is to
                reach the right-bottom edge in the minimum amount of
                steps possible. We do so by starting with a uniformly
                zero value and a random policy. In the left we see the
                value function at each iteration and in the right the
                associated policy.

                

                The implementations above are, indeed, just
                variations on the same idea: iterating the Bellman
                operator in order to converge to the optimal value
                function. There are many other tweaks we could make to
                it which, nevertheless, don’t affect the algorithm’s
                essence: choosing good warm starts, parallelizing,
                changing the state traversal order in the in-place
                version, etc. The best approach tends to be
                problem-dependent.

                Policy Iteration

                One issue with value iteration is that all policy
                calculations are implicit, since we just work with value
                functions. Therefore, it is possible to reach an optimal
                policy but keep iterating the algorithm because the
                value function has not converged yet. In this section,
                we will get acquainted with policy iteration,
                an algorithm that uses policies to calculate value
                functions and value functions to calculate policies
                until it converges towards the optimal. It’s selling
                point is being able to directly calculate an optimal
                policy in a finite number of steps.

                Policy Evaluation

                Let’s say somebody gave you a policy \pi and told you nothing more
                about it. How can you calculate the value function v^\pi associated with it? One
                way is to notice that it satisfies a recursion similar
                to the Bellman equation, but without the minimization
                step.

                
                  \begin{array}{rl}
                   v^\pi(s) =
                     & c(s, a) + \gamma v^\pi(s') \\
                    & \quad\textrm{where}\; s' = T(s, \pi(s)).
                  \end{array}
                

                We can also transform this equation into a fixed
                point problem by defining an operator

                
                \begin{array}{rl}
                (\mathcal{B}^\pi v)(s) =
                     & c(s, a) + \gamma v(s') \\
                     & \quad\textrm{where}\; s' = T(s, \pi(s)).
                \end{array}
                

                The above can be readily written as a computational
                procedure:

                function policy_bellman_operator(prob :: Process, pi :: Policy)
  return function(v)
    Bv = Values{States}()  # Empty representation
    for s in States
      Bv[s] = total_cost(prob)(v, s, pi[s])
    end
    return Bv
  end
end

                Now, we can look at \mathcal{B}^\pi as the cost
                for a decision process where the action set for each
                state was collapsed into a single option. Hence, we know
                that, under the same assumptions as before, it has a
                unique fixed point.

                Moreover, turning it into an update procedure
                converges towards v^\pi
                for any initial value function. This way, we arrive at
                an algorithm for evaluating the cost of a policy,
                unimaginatively called policy evaluation.

                function policy_evaluation(prob :: Process
                          , π   :: Policy
                          ; v0 = zeros(States)
                          , tol)
  return fixed_point(policy_bellman_operator(prob, pi); v0, tol)
end

                Notice the similarity with value iteration. The only
                true difference is on which operator we pass to the
                fixed point: instead of choosing an optimal action, it
                just follows along with the policy. Moreover, all the
                discussion above on the variations of value iteration
                also holds for policy evaluation. You can do the same
                modifications with same effects.

                Policy Improvement

                After we know a policy’s value function, our next
                question is how to update it into a better policy. That
                is, how can we use this information to get nearer to the
                optimal.

                Remember from the previous discussions that applying
                the Bellman operator \mathcal{B} to any
                non-optimal value function produces a strictly better
                result. It can, therefore, improve a policy’s value
                function.

                 (\mathcal{B}v^\pi)(s) =
                \min_{a \in \mathcal{A}(s)} c(s, a) + v^\pi(T(s, a)) \le
                c(s, \pi(s)) + v^\pi(T(s, \pi(s))) =
                v^\pi(s).

                The value function \mathcal{B}v^\pi encodes the
                cost of choosing the best action right now while
                following \pi on all
                future steps. We can get a policy from it by taking the
                solution to the optimization problem.

                
                \begin{array}{rl}
                \pi'(s) =
                  \argmin\limits_{a} & c(s, a) + \gamma
                v^\pi(s') \\
                  \textrm{s.t.}  & s' = T(s, a), \\
                                 & a \in \mathcal{A}(s).
                \end{array}
                

                Since, unless \pi
                was optimal, the equation above generates a strictly
                better policy. From it we can define a procedure, called
                policy_improvement, which turns a value
                function v into a
                policy \pi that is
                better than whatever policy v represented.

                function policy_improvement(prob :: Process, v :: Values)
  π = Policy{States, Actions}()
  for s in States
    π[s] = argmin(a -> total_cost(v_π, s, a), Actions(s))
  end
  return π
end

                Alternating
                Evaluation and Improvement

                By starting from any random policy \pi_0, and alternatively
                running policy evaluation and improvement, we generate a
                sequence of policies and value functions

                
                \pi_0 \xrightarrow{\textrm{evaluation}} v^{\pi_0}
                \xrightarrow{\textrm{improvement}}
                \pi_1 \xrightarrow{\textrm{evaluation}} v^{\pi_1}
                \xrightarrow{\textrm{improvement}}
                \ldots
                

                The value functions are monotonically decreasing
                while the policies strictly improve until converging to
                the optimum.

                We thus arrive at another dynamic programming
                algorithm: policy iteration. It consists of
                iteratively taking a policy \pi, finding its value
                function v^\pi through
                policy evaluation and finally using policy improvement
                to arrive at a better policy. Since there are only
                finitely many policies, and we always obtain a strictly
                better policy, this algorithm is guaranteed to converge
                to an optimal policy in a finite amount of steps.

                function policy_iteration(prob :: Process
                         ; v0 = zeros(States)
                         , π0 = rand(Policy{States, Actions)
                         , tol)
  v  = policy_evaluation(prob,  π_0 ; v0 = v_0, tol = tol)
  π = policy_improvement(prob, v)

  while π != π0
    π0 = π
    # Use previous v as warm start
    v  = policy_evaluation(prob,  π ; v0 = v, tol = tol)
    π  = policy_improvement(prob, v)
  end
  return π, v
end

                Just like value iteration, policy iteration also
                accepts many variations on how we traverse the states.
                The implementation above is close to the theory and is
                embarrassingly parallel on both the evaluation and the
                improvement step. Nevertheless, it is useful to think of
                policy iteration more as an algorithmic principle than
                as an algorithm itself and adapt the steps to consider
                any problem specific information that may be
                available.

                Backward
                Induction over a Finite Horizon

                Until now, we’ve always worked with general decision
                processes that run indefinitely. Nevertheless, there are
                processes with more structure than that. Let’s look
                further into an instance where we can exploit the
                problem’s state space structure to tune these algorithms
                into much faster ones. In this section we deal with
                finite horizon problems and show that, for
                them, we can make value iteration converge in a single
                iteration!

                
                A state \blacksquare
                in a decision process is terminal if
                all actions one can take on it have zero cost and do not
                transition to another state.

                 \forall a \in
                \mathcal{A}(s),\,c(\blacksquare, a) = 0\,\text{ and }\,
                T(\blacksquare, a) = \blacksquare.

                

                The dynamics effectively ends whenever the process
                reachs a terminal state. Essentially, there is work to
                do until arriving at \blacksquare, where we can
                just relax and do nothing for the rest of eternity.
                Hence its name. Also, since all its actions are dull, it
                is customary to draw it without arrows.

                When it is guaranteed that, for any policy, the
                dynamics will reach a terminal state after a finite
                number of steps, we say that it has a finite
                horizon. In this case, the state machine underlying
                graph is acyclic. That is, any trajectory visits a
                non-terminal state at most once.

                
                The Backwards
                Induction Algorithm

                We can improve the algorithms for Dynamic Programming
                with a clever traversal of the states. On all algorithms
                we’ve seem, there was no assumption on which order we
                traversed the state space at each iteration — We even
                noticed that many of them could run in parallel — and,
                consequently, there where also no guarantees arising
                from this order. Nevertheless, in the in-place algorithm
                distinct orderings produce distinct flows of
                information.

                In a finite horizon problem we can exploit the
                acyclic structure to get an optimal ordering such that
                value iteration converges in a single iteration! It is
                the graph’s topological
                ordering and consists of sorting natural number
                labels for the states such that s comes before all states
                that can transition to it. Although this seems like a
                hard task, there are standard methods to calculate it
                linearly in the size of the process, i.e., taking \mathrm{O}(|\mathcal{S}| +
                |\mathcal{A}|) steps. See below a topological
                ordering for the previous example.

                
                Notice that it is not unique. Also notice that the
                earliest indices go to the terminal states and then get
                distributed “backwards” through the arrows. This is the
                origin of our next algorithm’s name: Backwards
                Induction.

                Backwards Induction is a variation of Value Iteration
                using a topological sort to better traverse the state
                space. It is the same as the in-place algorithm but with
                exact convergence in a single iteration. What about an
                improvement! 

                We can prove by induction that this indeed converges
                in a single pass. The base case consists of terminal
                states: their cost is zero and the automaton never
                leaves them, implying that v^\star(\blacksquare) =
                (\mathcal{B}v^\star)(\blacksquare) = 0.

                On a non-terminal state s, assume by induction that
                our calculated value function v is optimal for any
                lower-indexed state. Consequently, since we only
                transition from s to a
                state with a lower index, the current estimate v(T(s, a)) is already
                optimal. Then, the local assignment v(s) \gets (\mathcal{B}v)(s)
                is well-defined and produces the optimal at this
                state.

                
                \begin{array}{rl}
                v(v) \gets (\mathcal{B}v)(s) =
                  \min\limits_{a} & c(s, a) + \gamma v(s') \\
                  \textrm{s.t.}  & s' = T(s, a)\quad
                \color{red}{\Longleftarrow \text{ already solved}} \\
                                 & a \in \mathcal{A}(s).
                \end{array}
                

                The previous discussion proves that we can get
                convergence in a single pass. Now, all that is left is
                to arrange the proof into an algorithm. It works the
                same as value iteration except that it first sorts the
                states and only performs a single pass.

                # Value Iteration tuned for a DAG
function backward_induction(p :: Process)
  v  = Values{States}()
  π  = Policy{States, Actions}()

  # Traverse from terminal to initial states
  for s in topological_sort(States, Actions)
    v[s], π[s] = minimize(a -> total_cost(p)(v, s, a), Actions(s))
  end

  return π, v
end

                I recommend you to compare this with generic value
                iteration to see what we’ve gained. One thing should be
                clear: backward induction does the exact same operation
                as value iteration for each state, but only requires a
                single pass over the state space. This makes it much
                more efficient. I know I’m repeating this phrase a lot,
                but it is important enough to deserve it.

                Another more subtle detail is that since there is
                more structure to exploit in the dynamics, the algorithm
                doesn’t have to assume so much about the Bellman
                operator. For example, our proof of convergence had no
                dependence on the Banach fixed-point theorem, meaning
                that we need no assumption whatsoever about the discount
                factor \gamma. In
                particular, backwards induction works for undiscounted
                processes!7

                Stagewise states

                There is an instance of finite horizon processes that
                is so common that it deserves its own section. It
                consists of states and actions that progress
                sequentially over time. In this case, there is a fixed
                horizon with N steps
                and the state space is segmented according to the step
                t.

                
                The state space for such a process is highly
                structure and, in particular, always acyclic. We can
                topologically sort it by visiting each cluster backwards
                in time. The figure below illustrates backwards
                induction running for this kind of process.

                
                When this stagewise structure is available, we can
                bake it into the algorithm to spare the trouble of
                sorting the states.

                function backward_induction_in_time(p :: Process)
  v  = Values{States}()
  π  = Policy{States, Actions}()

  for t in N:1           # <-- Equivalent to a topological sort
    for s in States(t)   # <-- Embarassingly parallel
      v[s], π[s] = minimize(a -> total_cost(p)(v, s, a), Actions(s))
    end
  end

  return π, v
end

                The above is no more than a specialized version of
                our previous algorithms. Its computational effort is
                exactly |\mathcal{S}|\cdot|\mathcal{A}|
                because it amounts to a single Value Iteration pass with
                no need for preprocessing. Different from ordinary
                backwards induction, the above is also embarrassingly
                parallel on the inner loop, because there are no
                intra-stage dependencies. You can exploit this to get a
                further speedup.

                Nondeterminism:
                One Cannot Know It All

                Ok, it’s time to recapitulate a bit. We started our
                journey looking at automata and controllable dynamics,
                showing how we can represent the best set of actions as
                those who fulfill a certain recursive relation on their
                value functions, called the Bellman equation. Then, we
                explored a couple ways of solving this equation through
                methods for finding fixed points. A detail that stands
                out on all of that, thought, is that we always had
                perfect information about our systems.

                In the real world, there are no guarantees that
                taking an action will put you in a determinate state. In
                general, there is a myriad of possible states — perhaps
                all of them — that the system could transition to. Let’s
                model this by modifying the transition function’s type
                to

                 T : (s : \mathcal{S})
                \times \mathcal{A}(s) \to M \mathcal{S}

                where M converts a
                type to some uncertain context.8 Common examples of
                such operators are

                
                	M is the power set
                \mathcal{P}. In this
                case, the transition output enumerates all possible
                ensuing states, defining a nondeterministic
                automaton.

                	M takes sets to
                probability distributions over them. This way, we have
                stochastic systems with multiple possible futures.
                Differently from the previous example, though, in this
                case there is a notion of how probable is each following
                state.

                	M is the identity. This way, M \mathcal{S}= \mathcal{S}.
                This serves to show that the deterministic case is also
                encompassed the nondeterministic one.

                	M represents
                actions taken by others. In many situations — such as a
                game — there are other players besides you who are
                capable of taking actions modifying the states. Since
                their actions also influence on the outcomes, the
                transition can only return a function \mathcal{A}(s) \to
                \mathcal{S}.

                

                To deal with nondeterministic transitions, we need to
                take a value function and aggregate it over all possible
                costs for the uncertain future into a single real
                number,

                 \rho : (\mathcal{S}\to
                \mathbb{R}) \times M \mathcal{S}\to \mathbb{R}.
                

                The function \rho
                depends on which uncertainty context we’re dealing with,
                and will shortly see some examples of it. Using it, we
                can define a Bellman operator

                
                \begin{array}{rl}
                (\mathcal{B}v)(s) =
                  \min\limits_{a} & c(s, a) + \gamma \rho(v, s')
                \\
                  \textrm{s.t.}  & s' = T(s, a), \\
                                 & a \in \mathcal{A}(s).
                \end{array}
                

                Quite similar to what we had before, don’t you think?
                With some mild conditions over \rho, all derivations on the
                appendix for existence and
                uniqueness of solutions still work in this context.
                Moreover, all our algorithms — value iteration, policy
                iteration, backwards induction — only used the system’s
                total cost, which is still a deterministic function.
                Thus we can apply them to this context without any
                need for modification. How cool is that?

                Example:
                Recurrence Equations and Fibonacci

                What would be of a dynamic programming tutorial
                without calculating the good ol’ Fibonacci numbers,
                right? This example is actually pretty simple and using
                the full power we’ve developed is a real overkill.
                Nevertheless, as it is a rather common first example to
                encounter when learning dynamic programming in Computer
                Science classes, it is worth it to view this kind of
                problem in the light of the formalism we’ve
                developed.

                A recurrence relation is any function \N \to \mathbb{R}, where the
                nth term is recursively defined through the previous
                terms.

                
                f(n) = \begin{cases}
                  c_n,                          & n < k \\
                  g(n, f(n-1), \ldots, f(n-k)),    & n \ge k.
                \end{cases}
                

                The c_n are
                constants corresponding to the base case of the
                recursion while other values f(n) depends directly on the
                previous k terms.

                Famous examples with this structure are the factorial
                and Fibonacci functions:

                \begin{align*}
                  \mathrm{fat}(n) &= \begin{cases}
                    1,                         & n = 0 \\
                    n \cdot \mathrm{fat}(n-1), & n \ge 1.
                  \end{cases} \\


                  \mathrm{fib}(n) &= \begin{cases}
                    0,                     & n = 0 \\
                    1,                     & n = 1 \\
                    \mathrm{fib}(n-1) + \mathrm{fib}(n-2), & n \ge
                2.
                  \end{cases} \\
                \end{align*}

                In general, evaluating f(n) directly via the
                definition may be exponentially slow. But dynamic
                programming allows you to calculate it time that’s
                linear in n.

                The idea is to define a nondeterministic decision
                process whose Bellman equation is exactly the recurrence
                relation. Then, the optimal value function will equal
                f for all values until
                the N we want to
                evaluate. The states are the numbers 0,\ldots, N while there is
                only a single dummy action \blacklozenge. For the
                transition, we follow the indices recurrence using the
                power set as our source of nondeterminism. Notice that
                this is a finite horizon process.

                
                T(s, \blacklozenge) = \begin{cases}
                  \emptyset,                    & s < k \\
                  \{s-1, s-2, \ldots, s-k\},    & s \ge k.
                \end{cases}
                

                For the immediate cost, we use the base cases c_n for the first k stages while the others are
                all zero.

                
                c(s, \blacklozenge) = \begin{cases}
                  c_s,  & s < k \\
                  0,    & s \ge k.
                \end{cases}
                

                And to aggregate over the set of future indices, what
                a better choice than using the relation g itself?

                 \rho(v, s') = g(s, \{
                v(n) \mid n \in s' \}). 

                With this setup, this system’s Bellman equation looks
                a lot like the original recurrence.

                
                v(s) = \min_{a \in \{\blacklozenge\}} \begin{cases}
                  c_s,                          & s < k \\
                  g(s, v(s-1), \ldots, v(s-k)), & s \ge k.
                \end{cases}
                

                Since, there is only a single action, the
                minimization is redundant and its fixed point satisfies
                the original recurrence. Since the problem at hand has a
                finite horizon, we can solve it via Value Iteration or
                Backwards Induction even without a discount factor \gamma.

                As an example, let’s calculate the first 15 Fibonacci
                numbers. The following video shows the steps for value
                iteration.

                

                Since the horizon is finite, we can improve it even
                more by using Backwards Induction! The process we’ve
                just constructed has a single state per stage where we
                consider the initial state to be N and the final one 0 (which means going
                backwards, in this case). We can, therefore, use
                backwards induction to evaluate the Fibonacci equation
                in exactly n steps.

                

                Stochastic
                Dynamic Programming

                Being a nice applied field, dynamic programming has
                since its inception kept in mind stochasticity. The real
                world is full of uncertainty and what’s better to model
                not knowing the future than probability itself?

                To make a automaton stochastic, the transition must
                return a probability distribution over the states. In
                the literature, you will find these system with the name
                Markov Decision Process (MDP for short). This
                name comes from the fact that the new state only depends
                on the current state and action, being independent of
                the process’ history; Just like a Markov chain — which
                are MDPs with a single action. A usual intuition for
                this kind of processes is as the interaction between an
                actor and an environment. At each time step, the
                environment is at a state s (which is known to the
                actor), and the actor may choose among different actions
                a \in \mathcal{A}(s),
                each one incurring a certain cost, to interact with it.
                This action affects the environment in some way that is
                out of reach to the actor (thus stochastic /
                non-deterministic), changing its state to s' = T(s, a). Before this
                transition happens, we can just estimate what s' will be with
                uncertainty. This is illustrated in the diagram below.9

                
                Allowing stochasticity opens the way for modeling a
                lot more cool situations. For example, robots that play
                video games! The states may be the internal state of the
                game or some partial observation of them that is
                available to the player and the actions are the buttons
                on the controller. The transitions are internal to the
                game and the costs are related to some winning/losing
                factor. Have you ever heard of Volodymyr Mnih et al.10’s
                Playing Atari with Deep Reinforcement Learning
                paper? In it, they use reinforcement learning to train a
                robot capable of playing Atari 2600 games and all
                modeling is done via Markov decision processes in a
                really similar way to the discussion in this paragraph.
                I really recommend checking it out.

                Since we cannot know the future, the usual tool is to
                take all possible outcomes and average their cost. This
                gives us an aggregating function to extract a
                deterministic value from a stochastic transition.11

                 \rho(v, S) =
                \mathbb{E}[v(S)]. 

                Stochastic dynamic programming is the field
                dedicated to optimizing the expected total cost of a
                Markov Decision Processes over all possible
                policies.

                
                  v^\star(s) = \min_\pi v^\pi(s) = \min_{a_t}
                \mathbb{E}\left[ \sum\limits_{t=0}^\infty
                \gamma^{t}c(s_t, a_t) \,\middle|\, s_0 = s,\, s_{t+1} =
                T(s_t, a_t) \right]
                

                As you probably expected, the above is equivalent to
                a Bellman equation. Since the expectation is linear, the
                derivation is rather similar to the one we did for
                deterministic processes.

                
                \begin{array}{rl}
                v^\star(s) =
                  \min\limits_{a} & c(s, a) + \gamma
                \mathbb{E}\left[v^\star(s') \right] \\
                  \textrm{s.t.}  & s' = T(s, a), \\
                                 & a \in \mathcal{A}(s).
                \end{array}
                

                For finite state spaces, this equation has the same
                contraction properties as the deterministic one. Hence,
                the tools of value and policy iteration are also readily
                available to solve MDPs. Their computational complexity
                is worse, because calculating the mean makes the update
                rule v \gets
                \mathcal{B}v require \mathrm{O}(|\mathcal{S}|^2|\cdot|\mathcal{A}|)
                operations.

                End of our Journey

                Well, we finally reached the end of our overview of
                dynamic programming. I sincerely hope it was as fun for
                you to read as it was for me to write. And that DP gets
                the honor place it deserves in your problem solving
                toolkit!12

                Of course, a single blog post is too tinny to
                encompass a subject as vast as DP. There are matters
                about estimating the value function instead of simply
                calculating it, infinite state spaces, continuous time
                and a plethora of cool stuff we can do. There are also a
                lot of connections with reinforcement learning, for
                which we only scraped the surface in this post.
                Unfortunately, these will remain as stories for another
                night.

                Farewell and see you next time!
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                Appendix (Convergence in Infinite
                Horizon)

                In this appendix we show that the Bellman
                Operator

                
                \begin{array}{rl}
                   (\mathcal{B}v)(s) =
                    \min\limits_{a} & c(s, a) + \gamma v(s') \\
                    \textrm{s.t.}  & s' = T(s, a), \\
                                   & a \in \mathcal{A}(s)
                \end{array}
                

                is a monotone contraction over the space of
                bounded continuous functions.

                We begin our proof with monotonicity. For
                that, let’s introduce a partial order on the space of
                value functions \mathcal{S}\to
                \mathbb{R} given by uniform ordering on all
                states,

                 v \le w \iff \forall s
                \in \mathcal{S},\, v(s) \le w(s).

                
                The Bellman Operator preserves uniform ordering of
                value functions:

                v \le w \implies
                \mathcal{B}v \le \mathcal{B}w.

                

                
                The hypothesis v \le
                w implies for any state s and action a that

                 c(s, a) + \gamma
                v(T(s,a)) \le c(s, a) + \gamma w(T(s,a)). 

                Since this is valid for any a, taking the minimum on both
                sides preserves the inequality.

                
                \min_{a \in \mathcal{A}(s)} c(s, a) + v(T(s,a)) \le
                \min_{a \in \mathcal{A}(s)} c(s, a) + w(T(s, a)) \\
                (\mathcal{B}v)(s) \le (\mathcal{B}w)(s).
                

                The line above is valid for all states, concluding
                the proof.

                

                Another important property of \mathcal{B} is that uniform
                translations of the input v also translate the output
                uniformly.

                For any constant k,\,\mathcal{B}(v + k) =
                \mathcal{B}v + \gamma k.

                
                 \begin{array}{rlll}
                      \mathcal{B}(v + k)(s) &= &\min\limits_{a}
                & c(s, a) + \gamma (v(s') + k) \\
                      &&\textrm{s.t.}  & s' = T(s, a),
                \\
                      &&               & a \in
                \mathcal{A}(s) \\
                      &=&  \min\limits_{a} & c(s, a) +
                \gamma v(s') + \gamma k\\
                      &&\textrm{s.t.}  & s' = T(s, a),
                \\
                      &&               & a \in
                \mathcal{A}(s).
                    \end{array}
                

                Since the term \gamma
                k does not depend on the action a, we may take it out of the
                optimization,

                 \mathcal{B}(v + k)(s) =
                \mathcal{B}(v)(s) + \gamma k.

                This concludes the theorem.

                

                Finally, let’s prove that the Bellman operator
                contracts the space of bounded continuous functions by
                the discount factor.

                The Bellman Operator is continuous with Lipschitz
                constant \gamma,  \|\mathcal{B}v -
                \mathcal{B}w\|_\infty \le \gamma \|v -
                w\|_\infty. When \gamma
                < 1, it is a contraction.

                
                From the definition of the uniform norm, we get that
                for any state s,

                
                v(s) - w(s) \le \|v - w\|_\infty \\
                v(s) \le w(s) + \|v - w\|_\infty.
                

                From the monotonicity we just proved, applying \mathcal{B} to both sides
                preserves this inequality:

                 (\mathcal{B}v)(s) \le
                \mathcal{B}(w + \|v - w\|_\infty)(s). 

                And since the right-hand side above has a uniform
                translation, we can take the constant out:

                 \begin{aligned}
                      (\mathcal{B}v)(s) &\le (\mathcal{B}w)(s) +
                \gamma \|v - w\|_\infty \\
                      (\mathcal{B}v)(s) - (\mathcal{B}w)(s) &\le
                \gamma \|v - w\|_\infty.
                    \end{aligned}
                

                Using that the norm is symmetric, we can do the same
                derivation in the opposite direction (for w - v) to get an inequality
                for the absolute value. Taking the supremum, it becomes
                the result we want.

                 \begin{aligned}
                      |(\mathcal{B}v)(s) - (\mathcal{B}w)(s)| &\le
                \gamma \|v - w\|_\infty \\
                      \sup_{s\in\mathcal{S}} |(\mathcal{B}v)(s) -
                (\mathcal{B}w)(s)| &\le \gamma \|v - w\|_\infty \\
                      \|\mathcal{B}v - \mathcal{B}w\|_\infty &\le
                \gamma \|v - w\|_\infty.
                  \end{aligned}
                

                

                Finally, from the Banach fixed point theorem and the
                above, we conclude that whenever \gamma < 1, the operator
                \mathcal{B} has a
                unique fixed point. Hence, any decision process with a
                discount factor is solvable and has a unique optimal
                value function v^\star.

                
                

                
                	To be more precise, we work with
                hydrothermal dispatch problems, where one must decide
                between many sources of energy (hydro, thermal,
                renewable) to supply a certain power demand taking into
                account the uncertainties of the future. For example:
                hydro is cheap and clean, but you risk running out of
                water if you use all of it and next month turns out
                particularly dry. Finding the best energy dispatch is
                once again solved via dynamic programming.↩︎


                	Even Richard Bellman admittedly named it
                based on
                how cool it sounds.↩︎


                	Dynamic Programming, Princeton
                Landmarks in Mathematics and Physics (Princeton, NJ:
                Princeton University Press, 1957), ch 3, p. 83.↩︎


                	It is out of scope more because it is a
                tangent to the topic than because of any difficulty in
                the proof. If you are interested in analysis, I really
                recommend you to try proving it. The main idea is using
                the contraction property to show that the distance
                between the iterations of f must converge towards
                zero.↩︎


                	They are even called functions
                in most programming languages.↩︎


                	You may wonder if this means that
                dynamic programming also works for decision processes
                whose costs satisfy other kinds of Bellman equations
                (non-additive costs, for example) and the answer is yes!
                A great place to start is Dimitri P. Bertsekas,
                Abstract Dynamic Programming (Belmont, Mass:
                Athena Scientific, 2013)’s book. Just be warned
                that there are a lot more technicalities to deal with in
                those cases.↩︎


                	In contrast with value iteration, it
                also has no dependence on the costs being real numbers —
                any Semiring would do. But I digress… This is out of scope for
                this post.↩︎


                	The technical definition is that M should be a Monad.
                But discussing those details is out of scope here. See
                this other post on
                automata with contexts for a discussion of this
                structure in a similar context.↩︎


                	Loosely based on the diagram found in
                Richard S.
                Sutton and Andrew G. Barto, Reinforcement Learning:
                An Introduction, Second edition, Adaptive
                Computation and Machine Learning Series (Cambridge,
                Massachusetts: The MIT Press, 2018).↩︎


                	“Playing Atari with
                Deep Reinforcement
                Learning,” December 2013, https://doi.org/10.48550/ARXIV.1312.5602.↩︎


                	Although the average is the most common
                choice, it is far from the only one. Many real-life
                situations call for risk-aversion and dynamic
                programming with coherent
                risk measures works equally well.↩︎


                	In fact, fixed points and recursion as
                a whole deserve the spot. They’re everywhere!↩︎


                

                
                        



Original: https://iagoleal.com/posts/dynamic-programming/ · Discussion
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How to organize 3 acquired companies into one coherent website

littlelanguagemodels.com · 13 points · Discussion


Company A has acquired Company B, C, and D. How do we organize their sites, for multiple products with different audiences, while making it easy to find relevant product information and quickly understand how the products work together?




For example, Company A offers residential relocation services. Company B offers relocation services for businesses. Company C offers relocation management software. Company D offers fine art and antique moving services.




What I recommend to clients is formalizing user goals before making rebranding decisions.




People from Company A, B, C, and D are going to bring different perspectives to information architecture decisions based on their:





	day-to-day responsibilities




	previous experiences making IA decisions, positive or negative




	perception of the areas with the highest potential for company growth




	professional goals






Many people’s first impulse is to discuss the products.




How Company A plans and delivers items.




How company B coordinates B2B moves, the types of businesses.




The data powering Company C’s software, the types of users, pricing tiers.




Insurance, identity confirmation, country regulations, employee training for handling fine art for Company D.




These conversations are useful for context gathering, but create an unnecessary us against them environment in the context of the website’s future. You’re with Company A. I’m with Company D. Product discussions keep us aware of this distinction at all times.




Instead, I recommend turning outwards and focusing your attention on user actions.




What does the user of your product get from buying from you?




Why is the user visiting the homepage? What about the contact form? And the pricing page?




Come up with as many user goals for interacting with different areas of the product. Even better if Company D’s folks are writing user goals for Company A, Company A for Company B, and so on.




Having “new” folks come up with user goals helps them get familiarized with the product and it builds empathy for users and employees of the company alike. Amazingly, this serves as a beautiful user research session to unpack biases or currently-unmet user needs.




“Oh, we thought that would be done automatically. We may want to clarify that to users.”




“Oh, I didn’t realize we offer customs, tax, and documentation assistance.”




“It wasn’t clear to me that step was mandatory to schedule a pickup.”




Focusing on user goals highlights opportunities for consolidation and removal across your content. Different areas of different products can help users reach their goals.




Which brings me to the next step: defining different ways for the user to meet their goals.




Define different ways for the user to meet their goals considering format, audience, and information receptiveness




Consider format preferences (a map might work better for locations, but a text field may work better if a service is only offered in <5 locations), audiences (busyness, goals, language), and willingness to interact with company content (someone transporting a luxury item will be more receptive to longer content like PDF brochures, but a moving contractor looking for the login portal will be less patient).




Group content on the homepage and navigation by user goal, and the conversation becomes about ways to delight and provide additional value through the acquisitions, rather than which product of which company does what.




Next, consider labels. I don’t like putting people in boxes, but I swear it’s for a noble purpose here. 




Put users into categories




What are different types of groups a user may belong to for a healthcare training provider?





	Location (by country, city, district)




	Clinical discipline (nursing, surgery, pharmacy)




	Clinical specialty (dermatology, ethics, pathology)




	Phase (needs assessment, pre-briefing, facilitation, debriefing)




	Role (educator, administrator, researcher)




	Institution (academic, commercial, non-profit)






For patients of healthcare providers, groups may include:





	Insurance type




	Age group




	Risk level






These categories (known as taxonomy) can help guide users and quickly orient them. By thinking through possible categorizations, and their overlap (what would a pathology surgery clinician working for a commercial vendor in New York look for and find?), teams can make the digital experience so intuitive that the user doesn’t have to “think” much.




Users should understand options at a glance while being able to get granular, so the categories shouldn’t serve as rigid boxes, rather quicker, more elegant paths to eureka.




Test with a small group of users




Once you have initial low-fidelity designs of key pages/interactions, please, please, please test them with a small user group.





	Do labels match user language?




	Do groupings match users’ mental models?




	Does content hierarchy reflect user goals?




	Is the amount of information provided appropriate for the user’s current step?






Finally, and this is easy to miss: think of content horizontally, not vertically.




Think horizontally, not vertically




What do I mean by this?




I’ve been on many design review meetings where the focus was on the single page we were looking at, and stakeholders wanted to know why X element wasn’t included or why Y was so low on the page.




The thinking goes: if a content component is deprioritized, users will have a difficult time finding it, and get frustrated.





	Vertical content – Content on a single page/interface helping the user reach their goal.




	Horizontal content – Content component used strategically and constantly across pages/interfaces (think: visiting hours being available in nav, footer, location pages, event pages, contact pages, etc.)






Horizontal content improves content discoverability by offering multiple opportunities for the user to find what they’re looking for.




Vertical vs horizontal content thinking



HOKA offers multiple examples of horizontal content thinking. I just shared 3 website lessons from HOKA, one of the fastest growing sport brands. Check out the latest article. 




If you’re a content or design professional who enjoys work-related books, I highly recommend Donna Spencer’s book Presenting Design Work. One of the most valuable lessons I took from the book was presenting findings and recommendations in the context of “a person doing a thing” rather than prototype X or page Y. We’re taught to think vertically when it comes to content, so it’s not easy to remember to take a step back and consider the entire ecosystem, but it is important to do as not to harm user wayfinding.




If you’re a stakeholder in website and product decisions, you can also help guide users by asking questions related to the different ways the user may be looking for information and how the design may be able to accommodate them, not just in a single “important” page, but across touchpoints.




Okay, final final thing: A common point of tension between stakeholders is the fate of the content. People have ideas, fears, and dreams about what will become of the content. I unpacked the feelings aspect of redesign in here: How to manage stakeholder feelings in content decisions for website redesigns. TL;DR: People can be reluctant to make content decisions for all sorts of reasons. Every reason is inherently valid and worth listening to, understanding, and iterating upon as needed. 




Key takeaways




To organize content for multiple products with different audiences, while still making it easy to discover how the products work together:





	Start with user goals




	Identify commonalities across products




	Identify opportunities for consolidation and removal across content




	Define different ways for the user to meet their goals considering format, audience, and information receptiveness




	Put users into categories




	Test with a small group of users




	Provide multiple information pathways to improve discoverability




	Be prepared for content discussions to get heated






AI Policy: I personally write each draft and final copy on this website. All content reflects my own thinking, ideas, style, and craft. I do not use AI such as ChatGPT to generate articles. Occasionally, I ask AI such as Formalizer or Claude to summarize or restate my own ideas and may restructure sections based on the response.





Original: https://littlelanguagemodels.com/how-to-structure-your-sites-after-a-big-acquisition/ · Discussion
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Chartreuse, a case study in how scarcity and authenticity can drive desirability

bloomberg.com · 12 points · Discussion

https://archive.ph/jDYk0

Original: https://www.bloomberg.com/news/articles/2026-08-05/how-chartreuse-conquered-paris-wine-bars-to-become-a-luxury-spirit · Discussion
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