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Building Bulletproof Real-time 
Data, AI, Devices, Robotics, and 
Quantum Computing Solutions: A 
Field Guide for machine61 llc. 
Project Teams​
 
When developing real-time where the margin for error approaches zero, 

requirements often demand systems that operate flawlessly under pressure, 

scale without breaking, and deliver results when failure isn't an option. This 

internal guide for machine61 llc. project teams. that we're sharing here distills 

our internal approach into actionable principles. 

1. Understand and Thoroughly Challenge Requirements 

Before writing a single line of code, interrogate every requirement until you 

understand not just what the client wants, but why they need it. Often, stated 

requirements mask deeper operational needs. A request for "real-time 

processing" might actually tolerate 100ms latency; a demand for "100% 

uptime" might accept planned maintenance windows. Push back on 

impossible requirements early rather than failing to deliver later. Question 

assumptions, propose alternatives, and ensure requirements align with actual 

mission needs rather than wishful thinking. This rigorous examination often 

reveals simpler, more robust solutions that better serve the client's true 

objectives. 
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2. Get to Prototype Quickly 

Following the famous Lockheed Martin Skunk Works philosophy, we prioritize 

rapid prototyping over endless planning cycles. A working prototype; even 

one with limitations; teaches more in a week than months of theoretical 

modeling. Build something tangible within the first 30 days, test it under real 

conditions, and iterate based on actual performance data rather than 

assumptions. This approach particularly matters in quantum computing and 

robotics, where theory and practice often diverge significantly. 

3. Design for Failure from Day One 

Bulletproof systems aren't those that never fail; they're those that fail 

gracefully and recover automatically. Every component should assume its 

dependencies will disappear, corrupt data, or respond slowly. Build 

redundancy at the architecture level, not as an afterthought. For financial 

services applications processing millions of transactions, or defense systems 

operating in contested environments, this means implementing circuit 

breakers, fallback mechanisms, and self-healing capabilities from the initial 

design phase. 

4. Instrument Everything, Trust Nothing 

Real-time systems require obsessive observability. Every data flow, every AI 

inference, every robotic movement, and every quantum calculation should 

generate telemetry. Deploy monitoring before features. When a trading 

algorithm makes an unexpected decision or a defense system encounters an 

anomaly, you need microsecond-level visibility into what happened and why. 

Build your logging and monitoring infrastructure as if you're conducting a 

future forensic investigation; because you will be. 
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5. Enforce Hard Real-Time Constraints 

"Real-time" in mission-critical systems means deterministic response times, 

not just "fast." Define explicit latency budgets for every operation and 

ruthlessly cut features that threaten these constraints. A financial trading 

system that's right 99% of the time but misses its timing window is worthless. 

Similarly, a defense system that delivers perfect analysis two seconds late 

might as well not exist. Use time-boxed operations, preemptive scheduling, 

and careful memory management to guarantee timing requirements. 

6. Validate at the Edge, Process at the Core 

Push data validation and initial processing as close to the source as possible. 

Whether it's sensor data from robotics, market feeds for financial systems, or 

telemetry from defense platforms, corrupt or malformed data should never 

penetrate your core systems. Implement strict schema validation, range 

checking, and anomaly detection at ingestion points. This prevents cascade 

failures and reduces the computational load on central processing systems. 

7. Build for Regulatory Compliance and Security First 

In defense, financial services, and life sciences, compliance isn't optional; it's 

existential. Security and regulatory requirements should shape your 

architecture, not constrain it after the fact. Implement encryption at rest and 

in transit, maintain complete audit trails, and ensure data sovereignty 

compliance from the beginning. For quantum computing applications, 

consider post-quantum cryptography now, not when quantum threats 

materialize. 

8. Test in Production-Like Chaos 
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Create testing environments that mirror the chaos of production. Inject 

failures, corrupt data streams, simulate network partitions, and stress every 

assumption. Use chaos engineering principles to discover failure modes 

before they discover you. For robotics systems, this means testing in 

unpredictable physical environments. For financial systems, it means 

simulating market crashes and flash events. For defense applications, it 

means assuming adversarial conditions. 

9. Budget for Change and Failure 

When working with bleeding-edge technologies like quantum computing 

and advanced AI, predictability is a luxury you don't have. Client requirements 

will evolve as they discover what's possible; or impossible. That "stable" 

quantum algorithm might need complete rearchitecting when new research 

emerges. The robotics hardware that worked perfectly in the lab might fail 

spectacularly in the field. Always provide clients with realistic low-to-high 

projections for both time and cost, explicitly accounting for technological 

uncertainty and requirement volatility. This transparency builds trust and 

prevents the death spiral of unrealistic expectations meeting immutable 

physics. 

Moving Forward 

These principles aren't theoretical; they're tested approaches derived from 

building systems where failure has real, sometimes life and death, 

consequences. Each project will require adapting these guidelines to specific 

contexts, but the underlying philosophy remains constant: assume nothing, 

validate everything, and build systems that thrive in uncertainty. 
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The convergence of data, AI, robotics, and quantum computing creates 

unprecedented opportunities in defense, financial services, and life sciences. 

By following these principles, machine61 llc. teams can deliver solutions that 

don't just work; they work when everything else fails. 
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Engineering at Impossible Scale: A 
machine61 llc. Field Guide for Peta 
and Exabyte Platforms 
​

While our previous machine61 field guide - Building Bulletproof Real-time 

Data, AI, Devices, Robotics, and Quantum Computing Solutions - outlined 

principles for building bulletproof real-time systems, peta and exabyte scale 

platforms introduce complexities that break conventional approaches. This 

addendum addresses the special considerations required when a single 

design decision can mean millions in infrastructure costs, when data gravity 

becomes immovable, and when the physics of data movement and storage 

becomes your primary constraint. Note: This guide doesn't replace the 

previous guide, it adds to it in cases of extreme data mass and velocity. 

The Scale Context 

At petabyte scale, you can no longer move data to compute; you must move 

compute to data. At exabyte scale, you can no longer move data at all. These 

aren't just bigger systems; they're fundamentally different beasts that 

demand architectural inversions of everything you know about distributed 

computing. For machine61 llc. teams working at these scales in defense, 

financial services, and life sciences, the standard playbook doesn't just need 

adjustment; it needs complete reimagination. 

1. Design Around Data Gravity 

Once data reaches the petabyte scale, it develops gravitational pull. Moving 

1PB over a 10Gbps connection takes 11 days; assuming perfect conditions that 
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never exist. Design your architecture assuming data never moves between 

regions. Computation, analytics, and even backup strategies must orbit 

around where data naturally accumulates. For genomics platforms 

processing population-scale data or defense systems aggregating global 

sensor networks, this means edge computing isn't an optimization; it's the 

only viable architecture. 

2. Embrace Hierarchical Storage as Architecture 

Forget the myth of uniform storage. At exabyte scale, your architecture must 

embrace storage tiers as first-class citizens: hot data in NVMe, warm in SSD, 

cool in HDD, and cold in tape or object storage. But here's what matters: the 

movement between tiers must be algorithmic, not human-driven. Build 

systems that understand data temperature through access patterns and 

automatically orchestrate placement. Financial tick data from last month 

shouldn't cost the same to store as today's trading positions. 

3. Partition Everything, Share Nothing 

The shared-nothing architecture isn't a preference at this scale; it's survival. 

Every component must be horizontally partitioned with zero shared state. But 

partitioning at petabyte scale requires careful key selection; get it wrong and 

you'll create hot partitions that destroy performance. Use composite partition 

keys that naturally distribute load, and build repartitioning capabilities from 

day one. When your platform grows from petabytes to exabytes, you'll need to 

split partitions without downtime. 

4. Build Economic Models into Architecture 
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At an exabyte scale, infrastructure costs can exceed engineering costs by 

orders of magnitude. Every architectural decision needs an economic model. 

That elegant solution using high-frequency data replication might cost $2 

million annually in network transfer fees. Build cost allocation and tracking 

into the platform itself. Teams need real-time visibility into the economic 

impact of their queries, storage patterns, and computational choices. In 

financial services, this means knowing the cost-per-query for historical 

market analysis. In genomics, it means understanding the dollar cost of each 

variant analysis pipeline. 

5. Assume Partial Failure as Normal State 

When operating thousands of nodes, something is always failing. Your 

platform isn't either "up" or "down"; it's operating at some percentage of 

capacity. Design for graceful degradation where losing 10% of nodes means 

10% performance loss, not system failure. Implement progressive retry 

strategies with exponential backoff, and build intelligence to route around 

failures. More importantly, make partial failure visible but not alarming; it's 

Tuesday, not an emergency. 

6. Optimize for Sequential, Plan for Random 

Physics favors sequential access; random I/O at petabyte scale is economic 

suicide. Design data layouts that convert random access patterns to 

sequential scans. Use columnar formats, build comprehensive indexes, and 

materialize common access patterns. But recognize that some random 

access is inevitable. Build caching layers specifically for random access 

patterns, and use bloom filters and probabilistic data structures to minimize 

unnecessary I/O. 
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7. Federate Authentication, Centralize Authorization 

At this scale, you're not building a system; you're building an ecosystem. 

Authentication must federate across thousands of services and millions of 

entities, but authorization must remain centralized and auditable. Implement 

attribute-based access control (ABAC) with policy engines that can handle 

millions of permission evaluations per second. For defense and healthcare 

platforms, this includes managing classification levels and privacy regulations 

across petabytes of multi-tenant data. 

8. Version Everything, Delete Nothing 

At the exabyte scale, deletion is more expensive than retention. Instead of 

deleting, version everything and use temporal queries. Build bi-temporal 

capabilities that track both valid time and transaction time. This isn't just 

about compliance; it's about economics. The cost to find and delete specific 

records across an exabyte is often higher than storing them forever. For 

financial platforms, this provides complete audit trails. For scientific platforms, 

it enables reproducibility across decades of research. 

9. Instrument for Archaeology, Not Debugging 

Traditional debugging breaks at this scale. You need archaeological tools that 

can reconstruct what happened across millions of nodes and billions of 

operations. Build distributed tracing that samples intelligently, focusing on 

outliers and anomalies. Create forensic capabilities that can work backwards 

from an effect to find causes across petabytes of logs. Use machine learning 

to identify patterns humans would never see. When a genomic analysis 

produces unexpected results, you need to trace back through terabytes of 

intermediate data to find the cause. 
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Integration with Core Principles 

These scale-specific considerations layer onto our fundamental principles 

from the bulletproof systems guide. "Get to prototype quickly" still applies, but 

your prototype must demonstrate scale characteristics from the start. "Design 

for failure" becomes even more critical when failure is statistically guaranteed. 

"Budget for change and failure" now includes budgeting for exponential data 

growth and the infrastructure costs that follow. 

The Economics Reality 

The hard truth about peta and exabyte scale: architectural mistakes that 

cost thousands at gigabyte scale cost millions here. A wrong decision about 

data layout, replication strategy, or compute placement can make the entire 

platform economically unviable. But done right, these platforms enable 

insights impossible at smaller scales; population-level genomic analysis, 

decades of financial market reconstruction, or defense sensors fusion at 

planetary scale. 

Moving Forward 

Building at peta and exabyte scale requires abandoning comfortable 

assumptions about how systems work. The constraints of physics and 

economics become as important as the constraints of software. For 

machine61 llc. teams taking on these challenges, success means thinking in 

hierarchies, designing around immovable data, and accepting that at this 

scale, perfection is impossible but excellence is achievable. 
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Operating at the Edge of Possibility: 
A machine61 llc. Field Guide for IoT 
and Robotics in Austere 
Environments​
 

Our core field guide established principles for bulletproof real-time systems. 

But when your systems operate in arctic cold, desert heat, underwater 

depths, or contested battlefields, bulletproof isn't enough; they must be 

indestructible while remaining invisible. This addendum addresses the 

unique engineering challenges of IoT and robotics platforms that must 

survive where humans cannot, operate without infrastructure, and often 

remain undetected while doing so. 

The Austere Reality 

In austere environments, every watt matters, every bit of heat signature could 

mean detection, and every component faces conditions that would destroy 

consumer hardware in minutes. Whether it's sensors monitoring nuclear 

reactors, cameras tracking wildlife in Antarctica, or military robotics operating 

in contested territories, these systems must achieve maximum capability with 

minimal resources while surviving conditions that actively try to destroy 

them. 

1. Design for Energy Scarcity, Not Efficiency 

Energy efficiency suggests optimization; energy scarcity demands 

architectural transformation. Design systems that can operate on microwatts, 

not milliwatts. Implement aggressive duty cycling where sensors wake for 
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milliseconds, capture data, and return to sleep. Use energy harvesting from 

solar, thermal gradients, or vibration, but never depend on it; treat harvested 

energy as a bonus, not a baseline. For military applications, this means 

systems that can operate for months on a single battery. For industrial 

sensors in radioactive environments where battery replacement means 

human exposure, it means years. 

2. Embrace Computational Austerity 

Forget cloud computing; in austere environments, you have only the 

compute you carry. Push intelligence to the edge, but recognize that edge 

may mean a processor running at 8MHz to conserve power. Use fixed-point 

arithmetic instead of floating-point. Implement decision trees instead of 

neural networks (meet the requirement in the simplest way before getting 

fancy). Pre-compute everything possible and store lookup tables instead of 

calculating in real-time (btw how much memory do you have). When your 

drone operates beyond communication range or your sensor sits in a 

radioactive chamber, it must make critical decisions with 1990s 

computational power. 

3. Build for Intermittent Everything 

Connectivity isn't just unreliable in austere environments; it's episodic. Design 

for store-and-forward architectures where data might wait days for 

transmission windows. Implement aggressive compression and prioritization; 

send conclusions, not raw data. Use delay-tolerant networking protocols that 

assume disconnection as the default state. Military equipment might get 

seconds of satellite connectivity per day, or just be programmed to be silent 

most of the time. Environmental sensors might only connect when 
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maintenance crews pass within range. Build systems that remain valuable 

even when completely isolated. 

4. Engineer Thermal Invisibility 

In military and surveillance applications, thermal signature equals detection 

equals mission failure. Design for passive cooling exclusively; no fans, no heat 

sinks that create recognizable patterns. Spread heat generation across time 

using computational scheduling. Implement thermal budgets where 

operations pause to prevent heat buildup. Use thermal mass strategically to 

smooth temperature spikes. For desert deployments, this means accepting 

that afternoon temperatures might force computational shutdown. For arctic 

operations, it means using waste heat strategically to prevent ice formation 

while avoiding detection. 

5. Assume Every Component Will Fail 

Component failure in austere environments isn't probabilistic; it's scheduled. 

Thermal cycling, vibration, moisture ingress, and radiation guarantee failure. 

Design with redundancy at the component level, not just system level. Use 

voting systems where three processors must agree. Implement graceful 

degradation where losing sensors reduces capability but doesn't end the 

mission. Build systems that can identify and isolate failed components 

automatically. When your robot operates in a radiation field that kills 

electronics, it must continue operating as capabilities progressively fail. 

6. Implement Physical and Electronic Hardening 

Ruggedization goes beyond adding a tough case. Implement conformal 

coating on all electronics. Use potting compounds to eliminate vibration 
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damage. Design for IP68 minimum, but remember that IP ratings assume 

clean water, not mud, salt spray, or chemical exposure. For electromagnetic 

protection, implement proper shielding and filtering, but recognize the 

weight and heat penalties. Build Faraday cages into the structure. For nuclear 

environments, use rad-hard components and implement error-correcting 

memory. Every environment attacks differently; design your hardening 

strategy accordingly. 

7. Create Adaptive Operational Modes 

Static operating parameters fail in dynamic environments. Implement 

multiple operational personalities that adapt to conditions. In stealth mode, 

minimize RF emissions and thermal signature. In survival mode, shut down 

everything except critical functions. In burst mode, briefly accept higher 

power consumption for critical operations. Use environmental sensors to 

automatically select modes. Your drone surveying disaster areas might switch 

between high-performance scanning and long-duration loitering based on 

battery temperature and remaining power. 

8. Design for Zero-Touch Maintenance 

In austere environments, maintenance windows might be years apart, or 

never. Implement self-calibration systems that compensate for sensor drift. 

Build self-cleaning mechanisms for optical systems. Use predictive 

maintenance that alerts operators months before failure. Most critically, 

design for remote updates that can recover from failed updates; bricking a 

device in a radioactive environment or on a battlefield means it's gone forever. 

Include hardware watchdogs that can force recovery from any software state 

- a kind of hardware defibrillator. 
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9. Minimize Attack Surface While Maximizing Resilience 

In contested environments, cybersecurity isn't just about data; it's about 

survival (btw in cyber, contested may mean in your office, in your country). 

Minimize radio frequency emissions that enable detection and targeting. 

Implement spread-spectrum communications that look like noise. Use 

encryption at rest and in motion, but recognize that encryption requires 

power. Build systems that can operate even when actively jammed. Include 

physical tamper detection that destroys sensitive data. For military robotics, 

this means assuming every communication channel is compromised and 

every sensor feed might be spoofed. 

Integration with Core Principles 

These austere environment considerations amplify our original principles. 

"Get to prototype quickly" means testing in actual harsh conditions early, not 

just in the lab. "Design for failure" becomes existential when failure means 

losing expensive equipment in inaccessible locations. "Budget for change and 

failure" must account for the extreme cost of accessing equipment in 

dangerous or remote locations. 

The Persistence Imperative 

The defining characteristic of austere environment systems isn't their initial 

capability; it's their persistence. A sensor that operates for a decade in arctic 

conditions with no maintenance is worth more than a sophisticated system 

that fails after a winter. A military robot that continues its mission despite 

battle damage provides more value than a perfect system that stops at the 

first bullet impact. 
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Moving Forward 

Building IoT and robotics systems for austere environments requires inverting 

traditional priorities. Power becomes more precious than performance. 

Survival becomes more important than sophistication. Stealth becomes 

essential for persistence. For machine61 llc. teams developing these systems, 

success means creating technology that thrives where others cannot survive, 

operates where infrastructure doesn't exist, and persists when everything else 

fails. 

The intersection of harsh environments and critical missions creates unique 

engineering challenges. But solving these challenges enables capabilities 

that change what's possible; from monitoring reactors without human risk to 

providing persistent surveillance in denied territories. These systems don't just 

operate at the edge of the network; they operate at the edge of possibility. 

​
 
Salvatore Magnone is a father, veteran, and a co-founder, a repeat offender 

in fact, who builds successful, multinational, technology companies, and 

runs obstacle courses. He teaches strategy and business techniques at the 

university level and directly to entrepreneurs and to business and military 

leaders. 

Machine61 ( machine61 llc. ) is a leading advisory in computing, data, ai, 

quantum, and robotics across the defense, financial services, and technology 

sectors. 
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