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    Overview
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The ALTAR Productivity Platform for AI Agents
  From Local Development to Enterprise-Grade Production, Seamlessly.
  

  ALTAR bridges the gap between the rapid prototyping of open-source AI frameworks and the security, governance, and scale required for enterprise deployment.
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    License


MIT License

Copyright (c) 2025 nshkrdotcom

Permission is hereby granted, free of charge, to any person obtaining a copy
of this software and associated documentation files (the "Software"), to deal
in the Software without restriction, including without limitation the rights
to use, copy, modify, merge, publish, distribute, sublicense, and/or sell
copies of the Software, and to permit persons to whom the Software is
furnished to do so, subject to the following conditions:

The above copyright notice and this permission notice shall be included in all
copies or substantial portions of the Software.

THE SOFTWARE IS PROVIDED "AS IS", WITHOUT WARRANTY OF ANY KIND, EXPRESS OR
IMPLIED, INCLUDING BUT NOT LIMITED TO THE WARRANTIES OF MERCHANTABILITY,
FITNESS FOR A PARTICULAR PURPOSE AND NONINFRINGEMENT. IN NO EVENT SHALL THE
AUTHORS OR COPYRIGHT HOLDERS BE LIABLE FOR ANY CLAIM, DAMAGES OR OTHER
LIABILITY, WHETHER IN AN ACTION OF CONTRACT, TORT OR OTHERWISE, ARISING FROM,
OUT OF OR IN CONNECTION WITH THE SOFTWARE OR THE USE OR OTHER DEALINGS IN THE
SOFTWARE.
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    ALTAR Data Model (ADM) Specification v1.0

Version: 1.0.0
Status: Final
Date: August 5, 2025
1. Introduction
1.1. Purpose and Scope
The ALTAR Data Model (ADM) v1.0 specification adopts and standardizes a set of data structures based on established industry patterns (notably Google Gemini's function calling API and OpenAPI 3.0) to serve as a universal, interoperable contract. Its primary purpose is to ensure that a tool defined for one execution environment (e.g., local development) can be seamlessly promoted to another (e.g., a secure, distributed production environment) without modification.
By aligning with proven, real-world schemas, the ADM provides a reliable and language-agnostic foundation for:
	Declaring tool capabilities and metadata
	Defining function parameter schemas and validation rules
	Structuring function call requests and responses
	Handling errors and reporting status

1.2. Three-Layer Architecture
The ALTAR ecosystem is built on a three-layer architecture, with the ADM serving as the foundational layer:
graph TB
    %% --- Define Protocol Layers ---
    L3("
        <strong>Layer 3: GRID Protocol</strong><br/><br/>
        Distributed Tool Orchestration<br/>
        Host-Runtime Communication & Enterprise<br/>
        Security & Observability
    ")

    L2("
        <strong>Layer 2: LATER Protocol</strong><br/><br/>
        Local Tool Execution<br/>
        In-Process Function Calls<br/>
        Development & Prototyping
    ")

    L1("
        <strong>Layer 1: ADM (This Specification)</strong><br/><br/>
        Universal Data Structures<br/>
        Tool Definitions & Schemas<br/>
        Function Call Contracts
    ")

    %% --- Define Connections ---
    L3 -- imports --> L2
    L2 -- imports --> L1

    %% --- Professional Hierarchical Styling ---
    style L3 fill:#42a5f5,stroke:#1e88e5,color:#000000
    style L2 fill:#1e88e5,stroke:#1565c0,color:#ffffff
    style L1 fill:#0d47a1,stroke:#002171,color:#ffffff
Layer 1 - ALTAR Data Model (ADM): Defines the universal data structures and contracts for AI tool interactions. This layer is purely structural and contains no execution or transport logic.
Layer 2 - LATER Protocol: Implements local, in-process tool execution using ADM data structures. LATER provides the runtime environment for development and prototyping scenarios.
Layer 3 - GRID Protocol: Implements distributed tool orchestration using ADM data structures. GRID provides enterprise-grade security, observability, and scalability for production deployments.
1.3. Relationship to LATER and GRID Protocols
The ADM serves as the foundational contract that both LATER and GRID protocols import and implement:
LATER Protocol Integration:
	LATER imports all ADM data structures for local tool execution
	Tool definitions created using ADM structures work seamlessly in LATER environments
	LATER provides the execution runtime while ADM provides the data contracts

GRID Protocol Integration:
	GRID imports all ADM data structures for distributed tool orchestration
	Tools defined using ADM structures can be promoted from LATER to GRID without modification
	GRID adds transport, security, and observability layers while preserving ADM contracts

Interoperability Benefits:
	Tools defined once using ADM structures work in both LATER and GRID environments
	Migration between local and distributed execution requires no structural changes
	Consistent data formats enable seamless ecosystem integration

2. Serialization Format
JSON is the canonical serialization format for all ADM data structures when represented in textual form. This ensures cross-language compatibility and consistent interchange between different implementations. All ADM-compliant systems must support JSON serialization and deserialization of the defined data structures.
2.1. JSON Serialization Requirements
The ADM specification mandates JSON as the universal serialization format to ensure language-neutral data interchange and compatibility across diverse implementation environments.
2.1.1. Standard Compliance and Encoding
	JSON Standard: All structures must serialize to valid JSON as defined by RFC 7159 (The JavaScript Object Notation Data Interchange Format)
	Character Encoding: String values must use UTF-8 encoding to support international character sets and ensure consistent text representation across systems
	Numeric Precision: Numbers must preserve precision according to IEEE 754 double-precision floating-point format, ensuring consistent numeric representation across programming languages and platforms

2.1.2. Data Type Mapping
ADM data structures use language-neutral type definitions that map consistently to JSON:
	STRING → JSON string with UTF-8 encoding
	NUMBER → JSON number (IEEE 754 double-precision)
	INTEGER → JSON number (64-bit signed integer range)
	BOOLEAN → JSON boolean (true/false)
	ARRAY → JSON array with homogeneous element types
	OBJECT → JSON object with string keys and typed values

2.1.3. Validation and Constraints
	Schema Validation: All serialized data must conform to the declared Schema definitions
	Type Safety: JSON values must match their declared ADM types during deserialization
	Range Validation: Numeric values must fall within the valid range for their declared type (INTEGER vs NUMBER)
	Required Fields: All fields marked as required in Schema definitions must be present in serialized JSON

2.1.4. Language-Specific Type Mappings
To ensure consistent implementation across different programming languages, the following table provides a canonical mapping from ADM's abstract types to common language-specific types. Implementers should adhere to these mappings to maintain cross-language compatibility.
	ADM Type	Python	TypeScript	Go	Notes
	STRING	str	string	string	Should be UTF-8 encoded.
	NUMBER	float	number	float64	Corresponds to IEEE 754 double-precision.
	INTEGER	int	number	int64	Should support 64-bit signed integers. TypeScript's number can represent integers up to Number.MAX_SAFE_INTEGER, beyond which bigint may be needed.
	BOOLEAN	bool	boolean	bool	Represents true or false.
	ARRAY	list	any[] or T[]	[]interface{} or []T	Represents an ordered collection of items. T denotes the type of the elements if homogeneous.
	OBJECT	dict	{[key: string]: any} or a defined interface	map[string]interface{} or a defined struct	Represents a key-value map. Keys must be strings.

2.2. Serialization Rules
The following rules govern how ADM data structures are serialized to and deserialized from JSON format, ensuring consistent behavior across all implementations.
2.2.1. Field Ordering and Structure
	Field Order Independence: The order of fields in JSON objects is not semantically significant. Implementations must not rely on field ordering for correctness
	Consistent Serialization: While field order is not significant, implementations should maintain consistent ordering when possible for debugging and human readability
	Nested Object Handling: Field ordering rules apply recursively to all nested objects within the data structure

2.2.2. Null Value and Optional Field Handling
	Absent Optional Fields: Optional fields that are not provided should be omitted from the JSON representation rather than being set to null
	Null Value Prohibition: ADM structures do not use null values. Missing optional data is represented by field absence
	Required Field Enforcement: Required fields must always be present with valid, non-null values conforming to their declared type
	Empty Value Handling: Empty strings, empty arrays, and empty objects are valid values when they conform to the field's schema definition

2.2.3. JSON Compliance and Compatibility
	RFC 7159 Compliance: All serialized JSON must conform to RFC 7159 specifications for maximum compatibility
	Unicode Support: Full Unicode character support through UTF-8 encoding ensures international compatibility
	Numeric Representation: Numbers must be represented in standard JSON numeric format without scientific notation unless required for precision
	Boolean Representation: Boolean values must use lowercase true and false as defined in the JSON specification
	String Escaping: String values must properly escape special characters according to JSON string escaping rules

2.2.4. Cross-Language Compatibility
	Language-Neutral Format: JSON serialization ensures that ADM structures can be exchanged between implementations in different programming languages
	Type System Mapping: Each programming language implementation must provide appropriate mappings between ADM types and native language types
	Precision Preservation: Numeric precision must be maintained during serialization/deserialization cycles across language boundaries
	Validation Consistency: Schema validation must produce consistent results regardless of the implementing language

3. Rationale for Adoption
The ADM is not a new invention, but a pragmatic adoption and standardization of proven, industry-leading data structures. Our rationale is centered on providing a stable, interoperable foundation that maximizes compatibility and accelerates development.
1. Industry Compatibility (Primary Rationale): The ADM's core value is its alignment with the existing AI and API ecosystem. By adopting patterns from Google's Gemini API and the OpenAPI 3.0 specification, the ADM ensures that ALTAR tools are immediately familiar and compatible with the technologies developers already use. This choice reduces the learning curve and enables seamless integration with a wide range of LLM clients, API gateways, and validation tools.
2. Structural Purity for Portability: The specification strictly defines data structures, deliberately excluding execution logic, networking, or host-specific concerns. This separation is critical for the "promotion path" value proposition, as it guarantees that a tool's contract remains pure and portable between the LATER (local) and GRID (distributed) protocols.
3. Language Neutrality via JSON: By mandating JSON as the canonical serialization format, the ADM ensures that tools and hosts can be implemented in any programming language without compromising compatibility.
4. Extensibility for Future Growth: The specification is designed for forward compatibility, allowing new features to be added in future versions without breaking existing implementations.
3.1. Interoperability with Existing Frameworks
A key goal of the ADM is to meet developers where they are. ALTAR is designed to integrate with, not replace, popular AI frameworks. The following conceptual examples illustrate how an ADM-compliant schema can be generated from existing tools in frameworks like LangChain and Microsoft's Semantic Kernel.
3.1.1. Conceptual Example: Generating ADM from a LangChain Tool
This example shows how a developer's existing LangChain tool, defined with the @tool decorator, could be converted into an ADM-compliant JSON schema using a hypothetical adapter.
# Developer's existing LangChain tool
from langchain_core.tools import tool

@tool
def get_weather(location: str, unit: str = "celsius") -> str:
  """Gets the current weather for a specified location."""
  # ... implementation ...
  return f"The weather in {location} is 25°C."

# Hypothetical ALTAR adapter generates ADM-compliant JSON
import altar

adm_schema = altar.import_from_langchain(get_weather)

# adm_schema would contain the following JSON structure:
# {
#   "function_declarations": [
#     {
#       "name": "get_weather",
#       "description": "Gets the current weather for a specified location.",
#       "parameters": {
#         "type": "OBJECT",
#         "properties": {
#           "location": {
#             "type": "STRING",
#             "description": "The location to get the weather for."
#           },
#           "unit": {
#             "type": "STRING",
#             "description": "The unit of temperature (e.g., 'celsius' or 'fahrenheit')."
#           }
#         },
#         "required": ["location"]
#       }
#     }
#   ]
# }
3.1.2. Conceptual Example: Generating ADM from a Semantic Kernel Plugin
This example shows how a C# method in a Semantic Kernel plugin could be introspected to produce an ADM-compliant schema.
// Developer's existing Semantic Kernel plugin
using Microsoft.SemanticKernel;
using System.ComponentModel;

public class WeatherPlugin
{
    [KernelFunction, Description("Gets the current weather for a city.")]
    public string GetWeather(
        [Description("The city name.")] string city,
        [Description("The temperature unit (e.g., 'celsius' or 'fahrenheit').")] string unit = "celsius"
    )
    {
        // ... implementation ...
        return $"The weather in {city} is 25°C.";
    }
}

// Hypothetical ALTAR adapter generates ADM-compliant JSON
var admGenerator = new AltarSchemaGenerator();
var admSchema = admGenerator.ImportFromSKPlugin(new WeatherPlugin());

// The generated schema would be identical to the one in the LangChain example,
// demonstrating the power of a universal, interoperable standard.
4. Core Data Structures
The following sections define the complete set of data structures that form the ADM specification. Each structure includes comprehensive field documentation, validation rules, and practical examples.
4.1. Tool Structure
The Tool structure serves as the top-level container for AI capabilities, providing a standardized way to declare and organize function-based tools within the ALTAR ecosystem.
4.1.1. Structure Definition
	Field	Type	Required	Description
	function_declarations	FunctionDeclaration[]	Yes	Array of function declarations that define the capabilities provided by this tool

4.1.2. Field Specifications
function_declarations
	Type: Array of FunctionDeclaration objects
	Required: Yes
	Purpose: Defines all the callable functions that this tool provides
	Constraints: 	Must contain at least one function declaration
	All function names within the array must be unique
	Each element must be a valid FunctionDeclaration object


	Validation: 	Array cannot be empty
	Function name uniqueness must be enforced
	All declarations must pass FunctionDeclaration validation


	Extensibility: Future versions may add additional capability types (e.g., retrieval, search) alongside function declarations
	Structure: Maintains order as defined, though order is not semantically significant

4.1.3. Validation Rules
	The function_declarations array must not be empty
	Each element in the array must be a valid FunctionDeclaration object
	Function names within a single tool must be unique
	The tool structure must be serializable to valid JSON

4.1.4. JSON Schema Representation
{
  "type": "object",
  "properties": {
    "function_declarations": {
      "type": "array",
      "items": {
        "$ref": "#/definitions/FunctionDeclaration"
      },
      "minItems": 1,
      "description": "Array of function declarations defining tool capabilities"
    }
  },
  "required": ["function_declarations"],
  "additionalProperties": false
}
4.1.5. Examples
Simple Tool with Single Function
{
  "function_declarations": [
    {
      "name": "get_current_time",
      "description": "Returns the current date and time in ISO 8601 format",
      "parameters": {
        "type": "OBJECT",
        "properties": {
          "timezone": {
            "type": "STRING",
            "description": "Timezone identifier (e.g., 'America/New_York', 'UTC')",
            "enum": ["UTC", "America/New_York", "Europe/London", "Asia/Tokyo"]
          }
        },
        "required": []
      }
    }
  ]
}
Complex Tool with Multiple Functions
{
  "function_declarations": [
    {
      "name": "get_weather_forecast",
      "description": "Retrieves weather forecast for a specified location and time period",
      "parameters": {
        "type": "OBJECT",
        "properties": {
          "location": {
            "type": "STRING",
            "description": "City and state or country, e.g., 'San Francisco, CA'"
          },
          "days": {
            "type": "INTEGER",
            "description": "Number of days to forecast (1-7)"
          },
          "units": {
            "type": "STRING",
            "enum": ["celsius", "fahrenheit"],
            "description": "Temperature units"
          }
        },
        "required": ["location"]
      }
    },
    {
      "name": "get_weather_alerts",
      "description": "Retrieves active weather alerts for a specified location",
      "parameters": {
        "type": "OBJECT",
        "properties": {
          "location": {
            "type": "STRING",
            "description": "City and state or country, e.g., 'San Francisco, CA'"
          },
          "severity": {
            "type": "STRING",
            "enum": ["minor", "moderate", "severe", "extreme"],
            "description": "Minimum alert severity level"
          }
        },
        "required": ["location"]
      }
    }
  ]
}
Enterprise Tool with Complex Parameters
{
  "function_declarations": [
    {
      "name": "create_support_ticket",
      "description": "Creates a new support ticket in the enterprise ticketing system",
      "parameters": {
        "type": "OBJECT",
        "properties": {
          "title": {
            "type": "STRING",
            "description": "Brief title describing the issue"
          },
          "description": {
            "type": "STRING",
            "description": "Detailed description of the issue"
          },
          "priority": {
            "type": "STRING",
            "enum": ["low", "medium", "high", "critical"],
            "description": "Priority level for the ticket"
          },
          "category": {
            "type": "STRING",
            "enum": ["technical", "billing", "account", "feature_request"],
            "description": "Category of the support request"
          },
          "assignee": {
            "type": "OBJECT",
            "properties": {
              "team": {
                "type": "STRING",
                "description": "Team to assign the ticket to"
              },
              "user_id": {
                "type": "STRING",
                "description": "Specific user ID to assign (optional)"
              }
            },
            "required": ["team"]
          },
          "attachments": {
            "type": "ARRAY",
            "items": {
              "type": "OBJECT",
              "properties": {
                "filename": {
                  "type": "STRING",
                  "description": "Name of the attached file"
                },
                "content_type": {
                  "type": "STRING",
                  "description": "MIME type of the attachment"
                },
                "size": {
                  "type": "INTEGER",
                  "description": "File size in bytes"
                }
              },
              "required": ["filename", "content_type"]
            },
            "description": "Optional file attachments"
          }
        },
        "required": ["title", "description", "priority", "category"]
      }
    }
  ]
}
AI Assistant Tool with Multiple Capabilities
{
  "function_declarations": [
    {
      "name": "analyze_document",
      "description": "Analyzes a document and extracts key information, entities, and insights",
      "parameters": {
        "type": "OBJECT",
        "properties": {
          "document": {
            "type": "OBJECT",
            "properties": {
              "content": {
                "type": "STRING",
                "description": "The document content to analyze"
              },
              "format": {
                "type": "STRING",
                "enum": ["text", "markdown", "html", "pdf"],
                "description": "Format of the document content"
              },
              "metadata": {
                "type": "OBJECT",
                "properties": {
                  "title": { "type": "STRING" },
                  "author": { "type": "STRING" },
                  "created_date": { "type": "STRING" },
                  "language": { "type": "STRING" }
                }
              }
            },
            "required": ["content", "format"]
          },
          "analysis_options": {
            "type": "OBJECT",
            "properties": {
              "extract_entities": {
                "type": "BOOLEAN",
                "description": "Whether to extract named entities"
              },
              "sentiment_analysis": {
                "type": "BOOLEAN",
                "description": "Whether to perform sentiment analysis"
              },
              "summarize": {
                "type": "BOOLEAN",
                "description": "Whether to generate a summary"
              },
              "key_phrases": {
                "type": "BOOLEAN",
                "description": "Whether to extract key phrases"
              },
              "language_detection": {
                "type": "BOOLEAN",
                "description": "Whether to detect document language"
              }
            }
          }
        },
        "required": ["document"]
      }
    },
    {
      "name": "generate_report",
      "description": "Generates a formatted report based on provided data and template",
      "parameters": {
        "type": "OBJECT",
        "properties": {
          "data": {
            "type": "ARRAY",
            "items": {
              "type": "OBJECT",
              "description": "Data records for the report"
            },
            "description": "Array of data objects to include in the report"
          },
          "template": {
            "type": "OBJECT",
            "properties": {
              "format": {
                "type": "STRING",
                "enum": ["pdf", "html", "markdown", "csv", "excel"],
                "description": "Output format for the report"
              },
              "sections": {
                "type": "ARRAY",
                "items": {
                  "type": "OBJECT",
                  "properties": {
                    "title": { "type": "STRING" },
                    "type": {
                      "type": "STRING",
                      "enum": ["summary", "table", "chart", "text"]
                    },
                    "data_fields": {
                      "type": "ARRAY",
                      "items": { "type": "STRING" }
                    }
                  },
                  "required": ["title", "type"]
                }
              },
              "styling": {
                "type": "OBJECT",
                "properties": {
                  "theme": {
                    "type": "STRING",
                    "enum": ["corporate", "minimal", "colorful", "academic"]
                  },
                  "include_charts": { "type": "BOOLEAN" },
                  "include_summary": { "type": "BOOLEAN" }
                }
              }
            },
            "required": ["format", "sections"]
          }
        },
        "required": ["data", "template"]
      }
    }
  ]
}
Development and Testing Tool
{
  "function_declarations": [
    {
      "name": "run_test_suite",
      "description": "Executes automated test suites and returns detailed results",
      "parameters": {
        "type": "OBJECT",
        "properties": {
          "test_config": {
            "type": "OBJECT",
            "properties": {
              "suite_name": {
                "type": "STRING",
                "description": "Name of the test suite to run"
              },
              "test_types": {
                "type": "ARRAY",
                "items": {
                  "type": "STRING",
                  "enum": ["unit", "integration", "e2e", "performance", "security"]
                },
                "description": "Types of tests to include"
              },
              "parallel_execution": {
                "type": "BOOLEAN",
                "description": "Whether to run tests in parallel"
              },
              "max_workers": {
                "type": "INTEGER",
                "description": "Maximum number of parallel workers"
              },
              "timeout_seconds": {
                "type": "INTEGER",
                "description": "Timeout for individual tests in seconds"
              }
            },
            "required": ["suite_name", "test_types"]
          },
          "environment": {
            "type": "OBJECT",
            "properties": {
              "name": {
                "type": "STRING",
                "enum": ["development", "staging", "production"],
                "description": "Target environment for testing"
              },
              "variables": {
                "type": "OBJECT",
                "description": "Environment-specific variables"
              },
              "database_config": {
                "type": "OBJECT",
                "properties": {
                  "use_test_db": { "type": "BOOLEAN" },
                  "seed_data": { "type": "BOOLEAN" },
                  "cleanup_after": { "type": "BOOLEAN" }
                }
              }
            },
            "required": ["name"]
          },
          "reporting": {
            "type": "OBJECT",
            "properties": {
              "formats": {
                "type": "ARRAY",
                "items": {
                  "type": "STRING",
                  "enum": ["junit", "json", "html", "console"]
                },
                "description": "Output formats for test reports"
              },
              "include_coverage": {
                "type": "BOOLEAN",
                "description": "Whether to include code coverage metrics"
              },
              "coverage_threshold": {
                "type": "NUMBER",
                "description": "Minimum coverage percentage required"
              }
            }
          }
        },
        "required": ["test_config", "environment"]
      }
    },
    {
      "name": "deploy_application",
      "description": "Deploys application to specified environment with rollback capabilities",
      "parameters": {
        "type": "OBJECT",
        "properties": {
          "deployment": {
            "type": "OBJECT",
            "properties": {
              "application_name": { "type": "STRING" },
              "version": { "type": "STRING" },
              "environment": {
                "type": "STRING",
                "enum": ["development", "staging", "production"]
              },
              "strategy": {
                "type": "STRING",
                "enum": ["blue_green", "rolling", "canary", "recreate"]
              }
            },
            "required": ["application_name", "version", "environment", "strategy"]
          },
          "configuration": {
            "type": "OBJECT",
            "properties": {
              "replicas": { "type": "INTEGER" },
              "resources": {
                "type": "OBJECT",
                "properties": {
                  "cpu_limit": { "type": "STRING" },
                  "memory_limit": { "type": "STRING" },
                  "storage_size": { "type": "STRING" }
                }
              },
              "health_checks": {
                "type": "OBJECT",
                "properties": {
                  "readiness_probe": { "type": "STRING" },
                  "liveness_probe": { "type": "STRING" },
                  "startup_probe": { "type": "STRING" }
                }
              }
            }
          },
          "rollback_config": {
            "type": "OBJECT",
            "properties": {
              "auto_rollback": { "type": "BOOLEAN" },
              "failure_threshold": { "type": "INTEGER" },
              "previous_version": { "type": "STRING" }
            }
          }
        },
        "required": ["deployment"]
      }
    }
  ]
}
IoT Device Management Tool
{
  "function_declarations": [
    {
      "name": "manage_iot_devices",
      "description": "Manages IoT devices including configuration, monitoring, and firmware updates",
      "parameters": {
        "type": "OBJECT",
        "properties": {
          "action": {
            "type": "STRING",
            "enum": ["configure", "monitor", "update_firmware", "reboot", "factory_reset"],
            "description": "Action to perform on the devices"
          },
          "device_selector": {
            "type": "OBJECT",
            "properties": {
              "device_ids": {
                "type": "ARRAY",
                "items": { "type": "STRING" },
                "description": "Specific device IDs to target"
              },
              "device_types": {
                "type": "ARRAY",
                "items": {
                  "type": "STRING",
                  "enum": ["sensor", "actuator", "gateway", "camera", "thermostat"]
                },
                "description": "Device types to target"
              },
              "locations": {
                "type": "ARRAY",
                "items": { "type": "STRING" },
                "description": "Physical locations to target"
              },
              "firmware_versions": {
                "type": "ARRAY",
                "items": { "type": "STRING" },
                "description": "Target devices with specific firmware versions"
              }
            }
          },
          "configuration": {
            "type": "OBJECT",
            "properties": {
              "settings": {
                "type": "OBJECT",
                "description": "Device-specific configuration settings"
              },
              "network": {
                "type": "OBJECT",
                "properties": {
                  "wifi_ssid": { "type": "STRING" },
                  "wifi_password": { "type": "STRING" },
                  "static_ip": { "type": "STRING" },
                  "dns_servers": {
                    "type": "ARRAY",
                    "items": { "type": "STRING" }
                  }
                }
              },
              "security": {
                "type": "OBJECT",
                "properties": {
                  "encryption_enabled": { "type": "BOOLEAN" },
                  "certificate_path": { "type": "STRING" },
                  "access_control": {
                    "type": "ARRAY",
                    "items": {
                      "type": "OBJECT",
                      "properties": {
                        "user_id": { "type": "STRING" },
                        "permissions": {
                          "type": "ARRAY",
                          "items": {
                            "type": "STRING",
                            "enum": ["read", "write", "admin", "configure"]
                          }
                        }
                      },
                      "required": ["user_id", "permissions"]
                    }
                  }
                }
              }
            }
          },
          "scheduling": {
            "type": "OBJECT",
            "properties": {
              "immediate": { "type": "BOOLEAN" },
              "scheduled_time": { "type": "STRING" },
              "maintenance_window": {
                "type": "OBJECT",
                "properties": {
                  "start_time": { "type": "STRING" },
                  "end_time": { "type": "STRING" },
                  "timezone": { "type": "STRING" }
                }
              }
            }
          }
        },
        "required": ["action", "device_selector"]
      }
    }
  ]
}
4.1.6. Design Rationale
The Tool structure is intentionally minimal and extensible:
	Single Responsibility: Currently focuses on function declarations, but the structure allows for future capability types
	Industry Alignment: Directly compatible with Google Gemini's function calling API structure
	Validation Clarity: Simple structure makes validation straightforward and unambiguous
	Future Extensibility: Additional fields can be added (e.g., retrieval_declarations, search_declarations) without breaking existing implementations
	Namespace Isolation: Each tool maintains its own namespace of function names, preventing conflicts

4.1.7. Implementation Notes
Language-Specific Considerations:
	In strongly-typed languages, implement as a class or struct with appropriate field types
	In dynamically-typed languages, ensure runtime validation of the structure
	All implementations must support JSON serialization/deserialization

Validation Implementation:
	Validate that function names are unique within the tool
	Ensure all function declarations conform to the FunctionDeclaration specification
	Implement schema validation for the overall tool structure

Error Handling:
	Invalid tool structures should result in clear, actionable error messages
	Validation errors should specify which function declaration failed and why
	Tools with duplicate function names should be rejected during validation

4.2. FunctionDeclaration Structure
The FunctionDeclaration structure defines individual callable functions within a tool, specifying their interface, parameters, and behavior contract.
4.2.1. Structure Definition
	Field	Type	Required	Description
	name	String	Yes	Unique identifier for the function within the tool
	description	String	Yes	Human-readable description of the function's purpose and behavior
	parameters	Schema	Yes	Schema object defining the function's input parameters

4.2.2. Field Specifications
name
	Type: String
	Required: Yes
	Purpose: Serves as the function identifier for invocation
	Constraints:	Content: Must contain only alphanumeric characters (a-z, A-Z, 0-9), underscores (_), and dashes (-).
	Length: Maximum of 64 characters.
	Start Character: Must start with a letter or an underscore.
	Uniqueness: Must be unique within the containing Tool.


	Validation: Must match the pattern ^[a-zA-Z_][a-zA-Z0-9_-]{0,63}$
	Examples: get_weather, create_user, send_email, calculate_tax
	Case Sensitivity: Function names are case-sensitive

description
	Type: String
	Required: Yes
	Purpose: Provides context for AI models and human developers
	Constraints:	Presence: Must be a non-empty string (minimum 1 character after trimming whitespace).
	Clarity: Should be clear, concise, and describe what the function does, not how it works.
	Length: Recommended maximum of 1000 characters for readability.


	Validation: Cannot be null, undefined, or consist only of whitespace
	Best Practices: Include expected behavior, side effects, and any important limitations
	Content Guidelines: Should be informative enough for AI models to understand function purpose

parameters
	Type: Schema object
	Required: Yes
	Purpose: Defines the structure and validation rules for function input parameters
	Constraints: Must be a valid Schema object (typically of type "OBJECT")
	Validation: Must conform to all Schema validation rules
	Note: Even functions with no parameters must include a parameters field with an empty OBJECT schema
	Structure: Root schema should typically be of type "OBJECT" to define named parameters

4.2.3. Validation Rules
	Name Validation:
	Must match the pattern: ^[a-zA-Z_][a-zA-Z0-9_-]{0,63}$
	Must be unique within the containing tool
	Case-sensitive comparison for uniqueness


	Description Validation:
	Must be a non-empty string
	Should not exceed 1000 characters (recommended limit)


	Parameters Validation:
	Must be a valid Schema object
	Root schema should typically be of type "OBJECT"
	All nested schemas must be valid



4.2.4. JSON Schema Representation
{
  "type": "object",
  "properties": {
    "name": {
      "type": "string",
      "pattern": "^[a-zA-Z_][a-zA-Z0-9_-]{0,63}$",
      "description": "Function identifier for invocation"
    },
    "description": {
      "type": "string",
      "minLength": 1,
      "maxLength": 1000,
      "description": "Human-readable function description"
    },
    "parameters": {
      "$ref": "#/definitions/Schema",
      "description": "Schema defining function input parameters"
    }
  },
  "required": ["name", "description", "parameters"],
  "additionalProperties": false
}
4.2.5. Examples
Simple Function with Basic Parameters
{
  "name": "get_user_profile",
  "description": "Retrieves user profile information by user ID",
  "parameters": {
    "type": "OBJECT",
    "properties": {
      "user_id": {
        "type": "STRING",
        "description": "Unique identifier for the user"
      }
    },
    "required": ["user_id"]
  }
}
Function with No Parameters
{
  "name": "get_system_status",
  "description": "Returns the current system health and status information",
  "parameters": {
    "type": "OBJECT",
    "properties": {},
    "required": []
  }
}
Complex Function with Nested Parameters
{
  "name": "schedule_meeting",
  "description": "Schedules a new meeting with specified participants and details",
  "parameters": {
    "type": "OBJECT",
    "properties": {
      "title": {
        "type": "STRING",
        "description": "Meeting title or subject"
      },
      "start_time": {
        "type": "STRING",
        "description": "Meeting start time in ISO 8601 format"
      },
      "duration_minutes": {
        "type": "INTEGER",
        "description": "Meeting duration in minutes"
      },
      "participants": {
        "type": "ARRAY",
        "items": {
          "type": "OBJECT",
          "properties": {
            "email": {
              "type": "STRING",
              "description": "Participant email address"
            },
            "role": {
              "type": "STRING",
              "enum": ["organizer", "required", "optional"],
              "description": "Participant role in the meeting"
            },
            "send_invitation": {
              "type": "BOOLEAN",
              "description": "Whether to send calendar invitation"
            }
          },
          "required": ["email", "role"]
        },
        "description": "List of meeting participants"
      },
      "location": {
        "type": "OBJECT",
        "properties": {
          "type": {
            "type": "STRING",
            "enum": ["physical", "virtual", "hybrid"],
            "description": "Type of meeting location"
          },
          "address": {
            "type": "STRING",
            "description": "Physical address (required for physical/hybrid meetings)"
          },
          "virtual_link": {
            "type": "STRING",
            "description": "Virtual meeting link (required for virtual/hybrid meetings)"
          },
          "room_capacity": {
            "type": "INTEGER",
            "description": "Maximum room capacity (optional for physical meetings)"
          }
        },
        "required": ["type"]
      },
      "recurrence": {
        "type": "OBJECT",
        "properties": {
          "pattern": {
            "type": "STRING",
            "enum": ["daily", "weekly", "monthly", "yearly"],
            "description": "Recurrence pattern"
          },
          "interval": {
            "type": "INTEGER",
            "description": "Interval between occurrences (e.g., every 2 weeks)"
          },
          "end_date": {
            "type": "STRING",
            "description": "End date for recurrence in ISO 8601 format"
          },
          "occurrences": {
            "type": "INTEGER",
            "description": "Maximum number of occurrences"
          }
        },
        "required": ["pattern"]
      }
    },
    "required": ["title", "start_time", "duration_minutes", "participants"]
  }
}
Data Processing Function with Validation
{
  "name": "process_financial_data",
  "description": "Processes and validates financial transaction data, applying business rules and generating reports",
  "parameters": {
    "type": "OBJECT",
    "properties": {
      "transactions": {
        "type": "ARRAY",
        "items": {
          "type": "OBJECT",
          "properties": {
            "transaction_id": {
              "type": "STRING",
              "description": "Unique transaction identifier"
            },
            "amount": {
              "type": "NUMBER",
              "description": "Transaction amount (positive for credits, negative for debits)"
            },
            "currency": {
              "type": "STRING",
              "enum": ["USD", "EUR", "GBP", "JPY", "CAD", "AUD"],
              "description": "Transaction currency code"
            },
            "timestamp": {
              "type": "STRING",
              "description": "Transaction timestamp in ISO 8601 format"
            },
            "category": {
              "type": "STRING",
              "enum": ["income", "expense", "transfer", "investment", "fee"],
              "description": "Transaction category"
            },
            "account": {
              "type": "OBJECT",
              "properties": {
                "account_id": {
                  "type": "STRING",
                  "description": "Account identifier"
                },
                "account_type": {
                  "type": "STRING",
                  "enum": ["checking", "savings", "credit", "investment"],
                  "description": "Type of account"
                }
              },
              "required": ["account_id", "account_type"]
            },
            "metadata": {
              "type": "OBJECT",
              "properties": {
                "merchant": {
                  "type": "STRING",
                  "description": "Merchant name (for purchases)"
                },
                "reference": {
                  "type": "STRING",
                  "description": "External reference number"
                },
                "tags": {
                  "type": "ARRAY",
                  "items": {
                    "type": "STRING"
                  },
                  "description": "User-defined tags for categorization"
                }
              }
            }
          },
          "required": ["transaction_id", "amount", "currency", "timestamp", "category", "account"]
        },
        "description": "Array of financial transactions to process"
      },
      "validation_rules": {
        "type": "OBJECT",
        "properties": {
          "max_amount": {
            "type": "NUMBER",
            "description": "Maximum allowed transaction amount"
          },
          "allowed_currencies": {
            "type": "ARRAY",
            "items": {
              "type": "STRING"
            },
            "description": "List of allowed currency codes"
          },
          "require_merchant": {
            "type": "BOOLEAN",
            "description": "Whether merchant information is required for expense transactions"
          }
        }
      },
      "output_format": {
        "type": "STRING",
        "enum": ["summary", "detailed", "csv", "json"],
        "description": "Desired output format for the processing report"
      }
    },
    "required": ["transactions", "output_format"]
  }
}
4.2.6. Design Rationale
The FunctionDeclaration structure balances simplicity with comprehensive functionality:
	Industry Compatibility: Directly mirrors Google Gemini's function calling API structure
	Validation Clarity: Name constraints prevent common integration issues
	Flexibility: Schema-based parameters support arbitrarily complex input structures
	AI-Friendly: Clear descriptions help AI models understand function capabilities
	Developer Experience: Comprehensive examples and validation rules reduce implementation errors

4.2.7. Implementation Notes
Name Validation Implementation:
function validateFunctionName(name) {
  const pattern = /^[a-zA-Z_][a-zA-Z0-9_-]{0,63}$/;
  return pattern.test(name);
}
Common Validation Errors:
	Names starting with numbers: "2get_data" → Invalid
	Names with spaces: "get data" → Invalid  
	Names with special characters: "get@data" → Invalid
	Names exceeding 64 characters → Invalid
	Empty descriptions → Invalid
	Invalid parameter schemas → Invalid

Best Practices:
	Use descriptive, action-oriented function names
	Include examples in descriptions when helpful
	Design parameters for clarity and type safety
	Consider backward compatibility when evolving function signatures
	Validate all inputs thoroughly before processing

4.3. Schema Type System
The Schema type system provides a comprehensive, recursive structure for defining and validating data types within function parameters. Based on OpenAPI 3.0 specifications, it supports both primitive and complex data types with full validation capabilities.
4.3.1. Schema Structure Definition
	Field	Type	Required	Description
	type	SchemaType	Yes	The data type of the schema
	description	String	No	Human-readable description of the data
	properties	Map<String, Schema>	No	Object properties (required when type is OBJECT)
	required	String[]	No	Array of required property names (used with OBJECT type)
	items	Schema	No	Schema for array elements (required when type is ARRAY)
	enum	String[]	No	Array of allowed string values (used with STRING type)

4.3.2. SchemaType Enumeration
The SchemaType enumeration defines the supported data types:
	Type	Description	JSON Representation	Validation Rules
	STRING	UTF-8 encoded text	"STRING"	Must be valid UTF-8 string
	NUMBER	IEEE 754 double-precision floating-point	"NUMBER"	Must be valid numeric value
	INTEGER	64-bit signed integer	"INTEGER"	Must be whole number within range
	BOOLEAN	True/false value	"BOOLEAN"	Must be exactly true or false
	ARRAY	Ordered collection of elements	"ARRAY"	Must have items field defining element schema
	OBJECT	Key-value map with structured properties	"OBJECT"	May have properties and required fields

4.3.3. Field Specifications
type
	Type: SchemaType enumeration value
	Required: Yes
	Purpose: Defines the fundamental data type for validation
	Constraints: Must be one of the defined SchemaType values (STRING, NUMBER, INTEGER, BOOLEAN, ARRAY, OBJECT)
	Validation: Must match exactly one of the enumerated values

description
	Type: String
	Required: No
	Purpose: Provides human-readable context for the data field
	Constraints: Should be non-empty when present
	Best Practices: Should be concise but informative, especially for complex nested structures
	Usage: Recommended for all fields to improve clarity and maintainability

properties
	Type: Map of property names to Schema objects
	Required: No (conditional)
	Usage: Required for OBJECT types that have defined properties
	Purpose: Defines the structure and validation rules for object properties
	Constraints: All values must be valid Schema objects
	Validation: Property names must be valid JSON object keys
	Note: Empty properties map indicates an object that accepts any properties

required
	Type: Array of strings
	Required: No
	Usage: Used with OBJECT types to specify mandatory properties
	Constraints: All strings must correspond to keys in the properties map
	Default: Empty array (no required properties)
	Validation: Cannot contain duplicate property names

items
	Type: Schema object
	Required: Conditional (Yes for ARRAY types)
	Usage: Required for ARRAY types
	Purpose: Defines the schema that all array elements must conform to
	Constraints: Must be a valid Schema object
	Note: Supports homogeneous arrays (all elements same type)
	Validation: Must be present when type is ARRAY

enum
	Type: Array of strings
	Required: No
	Usage: Used with STRING types to restrict values to a specific set
	Purpose: Provides enumeration constraints for string values
	Constraints: Must contain at least one value, all values must be unique strings
	Validation: Input must exactly match one of the enum values (case-sensitive)

4.3.4. Recursive Schema Support
The Schema system supports unlimited nesting depth, enabling complex data structures:
{
  "type": "OBJECT",
  "properties": {
    "user": {
      "type": "OBJECT",
      "properties": {
        "profile": {
          "type": "OBJECT",
          "properties": {
            "preferences": {
              "type": "ARRAY",
              "items": {
                "type": "OBJECT",
                "properties": {
                  "category": { "type": "STRING" },
                  "settings": {
                    "type": "OBJECT",
                    "properties": {
                      "enabled": { "type": "BOOLEAN" },
                      "values": {
                        "type": "ARRAY",
                        "items": { "type": "STRING" }
                      }
                    }
                  }
                }
              }
            }
          }
        }
      }
    }
  }
}
4.3.5. JSON Schema Representation
{
  "type": "object",
  "properties": {
    "type": {
      "type": "string",
      "enum": ["STRING", "NUMBER", "INTEGER", "BOOLEAN", "ARRAY", "OBJECT"],
      "description": "The data type of the schema"
    },
    "description": {
      "type": "string",
      "description": "Human-readable description of the data"
    },
    "properties": {
      "type": "object",
      "additionalProperties": {
        "$ref": "#/definitions/Schema"
      },
      "description": "Object properties (for OBJECT type)"
    },
    "required": {
      "type": "array",
      "items": {
        "type": "string"
      },
      "description": "Required property names (for OBJECT type)"
    },
    "items": {
      "$ref": "#/definitions/Schema",
      "description": "Schema for array elements (for ARRAY type)"
    },
    "enum": {
      "type": "array",
      "items": {
        "type": "string"
      },
      "description": "Allowed string values (for STRING type)"
    }
  },
  "required": ["type"],
  "additionalProperties": false
}
4.3.6. Examples
Primitive Type Schemas
// String with enumeration
{
  "type": "STRING",
  "description": "User role in the system",
  "enum": ["admin", "user", "guest"]
}

// Number with description
{
  "type": "NUMBER",
  "description": "Temperature in degrees Celsius"
}

// Integer for counting
{
  "type": "INTEGER",
  "description": "Number of items to process"
}

// Boolean flag
{
  "type": "BOOLEAN",
  "description": "Whether to send confirmation email"
}
Array Type Schemas
// Array of strings
{
  "type": "ARRAY",
  "description": "List of email addresses",
  "items": {
    "type": "STRING",
    "description": "Valid email address"
  }
}

// Array of objects
{
  "type": "ARRAY",
  "description": "List of user accounts",
  "items": {
    "type": "OBJECT",
    "properties": {
      "id": {
        "type": "STRING",
        "description": "Unique user identifier"
      },
      "name": {
        "type": "STRING",
        "description": "User's full name"
      },
      "active": {
        "type": "BOOLEAN",
        "description": "Whether the account is active"
      }
    },
    "required": ["id", "name"]
  }
}

// Nested array structure
{
  "type": "ARRAY",
  "description": "Matrix of numeric values",
  "items": {
    "type": "ARRAY",
    "description": "Row of numbers",
    "items": {
      "type": "NUMBER",
      "description": "Individual matrix element"
    }
  }
}
Object Type Schemas
// Simple object
{
  "type": "OBJECT",
  "description": "User contact information",
  "properties": {
    "email": {
      "type": "STRING",
      "description": "Primary email address"
    },
    "phone": {
      "type": "STRING",
      "description": "Phone number with country code"
    }
  },
  "required": ["email"]
}

// Complex nested object
{
  "type": "OBJECT",
  "description": "E-commerce order details",
  "properties": {
    "order_id": {
      "type": "STRING",
      "description": "Unique order identifier"
    },
    "customer": {
      "type": "OBJECT",
      "description": "Customer information",
      "properties": {
        "id": {
          "type": "STRING",
          "description": "Customer ID"
        },
        "name": {
          "type": "STRING",
          "description": "Customer full name"
        },
        "email": {
          "type": "STRING",
          "description": "Customer email address"
        },
        "shipping_address": {
          "type": "OBJECT",
          "description": "Shipping address details",
          "properties": {
            "street": {
              "type": "STRING",
              "description": "Street address"
            },
            "city": {
              "type": "STRING",
              "description": "City name"
            },
            "state": {
              "type": "STRING",
              "description": "State or province"
            },
            "postal_code": {
              "type": "STRING",
              "description": "Postal or ZIP code"
            },
            "country": {
              "type": "STRING",
              "enum": ["US", "CA", "GB", "DE", "FR", "JP", "AU"],
              "description": "Country code"
            }
          },
          "required": ["street", "city", "postal_code", "country"]
        }
      },
      "required": ["id", "name", "email"]
    },
    "items": {
      "type": "ARRAY",
      "description": "Ordered items",
      "items": {
        "type": "OBJECT",
        "properties": {
          "product_id": {
            "type": "STRING",
            "description": "Product identifier"
          },
          "name": {
            "type": "STRING",
            "description": "Product name"
          },
          "quantity": {
            "type": "INTEGER",
            "description": "Number of items ordered"
          },
          "price": {
            "type": "NUMBER",
            "description": "Unit price in USD"
          },
          "options": {
            "type": "OBJECT",
            "description": "Product customization options",
            "properties": {
              "color": {
                "type": "STRING",
                "enum": ["red", "blue", "green", "black", "white"],
                "description": "Product color"
              },
              "size": {
                "type": "STRING",
                "enum": ["XS", "S", "M", "L", "XL", "XXL"],
                "description": "Product size"
              },
              "gift_wrap": {
                "type": "BOOLEAN",
                "description": "Whether to include gift wrapping"
              }
            }
          }
        },
        "required": ["product_id", "name", "quantity", "price"]
      }
    },
    "payment": {
      "type": "OBJECT",
      "description": "Payment information",
      "properties": {
        "method": {
          "type": "STRING",
          "enum": ["credit_card", "debit_card", "paypal", "bank_transfer"],
          "description": "Payment method"
        },
        "currency": {
          "type": "STRING",
          "enum": ["USD", "EUR", "GBP", "CAD", "AUD"],
          "description": "Payment currency"
        },
        "total": {
          "type": "NUMBER",
          "description": "Total amount charged"
        }
      },
      "required": ["method", "currency", "total"]
    }
  },
  "required": ["order_id", "customer", "items", "payment"]
}
Advanced Schema Patterns
// Configuration object with flexible structure
{
  "type": "OBJECT",
  "description": "Application configuration settings",
  "properties": {
    "database": {
      "type": "OBJECT",
      "description": "Database connection settings",
      "properties": {
        "host": { "type": "STRING" },
        "port": { "type": "INTEGER" },
        "name": { "type": "STRING" },
        "ssl": { "type": "BOOLEAN" }
      },
      "required": ["host", "name"]
    },
    "features": {
      "type": "OBJECT",
      "description": "Feature flags",
      "properties": {
        "analytics": { "type": "BOOLEAN" },
        "notifications": { "type": "BOOLEAN" },
        "beta_features": {
          "type": "ARRAY",
          "items": {
            "type": "STRING",
            "enum": ["new_ui", "advanced_search", "ai_assistant"]
          }
        }
      }
    },
    "integrations": {
      "type": "ARRAY",
      "description": "Third-party integrations",
      "items": {
        "type": "OBJECT",
        "properties": {
          "name": { "type": "STRING" },
          "enabled": { "type": "BOOLEAN" },
          "config": {
            "type": "OBJECT",
            "description": "Integration-specific configuration"
          }
        },
        "required": ["name", "enabled"]
      }
    }
  }
}

// Machine learning model configuration
{
  "type": "OBJECT",
  "description": "Machine learning model training configuration",
  "properties": {
    "model": {
      "type": "OBJECT",
      "properties": {
        "architecture": {
          "type": "STRING",
          "enum": ["transformer", "cnn", "rnn", "lstm", "gru", "bert", "gpt"],
          "description": "Model architecture type"
        },
        "layers": {
          "type": "ARRAY",
          "items": {
            "type": "OBJECT",
            "properties": {
              "type": {
                "type": "STRING",
                "enum": ["dense", "conv2d", "lstm", "attention", "dropout", "batch_norm"]
              },
              "units": { "type": "INTEGER" },
              "activation": {
                "type": "STRING",
                "enum": ["relu", "sigmoid", "tanh", "softmax", "linear"]
              },
              "dropout_rate": { "type": "NUMBER" },
              "kernel_size": {
                "type": "ARRAY",
                "items": { "type": "INTEGER" }
              }
            },
            "required": ["type"]
          }
        },
        "hyperparameters": {
          "type": "OBJECT",
          "properties": {
            "learning_rate": { "type": "NUMBER" },
            "batch_size": { "type": "INTEGER" },
            "epochs": { "type": "INTEGER" },
            "optimizer": {
              "type": "STRING",
              "enum": ["adam", "sgd", "rmsprop", "adagrad"]
            },
            "loss_function": {
              "type": "STRING",
              "enum": ["mse", "mae", "categorical_crossentropy", "binary_crossentropy"]
            }
          },
          "required": ["learning_rate", "batch_size", "epochs"]
        }
      },
      "required": ["architecture", "layers", "hyperparameters"]
    },
    "data": {
      "type": "OBJECT",
      "properties": {
        "training_set": {
          "type": "OBJECT",
          "properties": {
            "path": { "type": "STRING" },
            "format": {
              "type": "STRING",
              "enum": ["csv", "json", "parquet", "tfrecord", "hdf5"]
            },
            "preprocessing": {
              "type": "ARRAY",
              "items": {
                "type": "OBJECT",
                "properties": {
                  "operation": {
                    "type": "STRING",
                    "enum": ["normalize", "standardize", "one_hot_encode", "tokenize", "resize"]
                  },
                  "parameters": { "type": "OBJECT" }
                },
                "required": ["operation"]
              }
            }
          },
          "required": ["path", "format"]
        },
        "validation_split": { "type": "NUMBER" },
        "test_split": { "type": "NUMBER" }
      },
      "required": ["training_set"]
    },
    "training": {
      "type": "OBJECT",
      "properties": {
        "early_stopping": {
          "type": "OBJECT",
          "properties": {
            "enabled": { "type": "BOOLEAN" },
            "patience": { "type": "INTEGER" },
            "monitor": {
              "type": "STRING",
              "enum": ["loss", "accuracy", "val_loss", "val_accuracy"]
            }
          }
        },
        "checkpointing": {
          "type": "OBJECT",
          "properties": {
            "enabled": { "type": "BOOLEAN" },
            "frequency": { "type": "INTEGER" },
            "save_best_only": { "type": "BOOLEAN" }
          }
        },
        "distributed": {
          "type": "OBJECT",
          "properties": {
            "enabled": { "type": "BOOLEAN" },
            "strategy": {
              "type": "STRING",
              "enum": ["mirrored", "parameter_server", "multi_worker"]
            },
            "num_workers": { "type": "INTEGER" }
          }
        }
      }
    }
  },
  "required": ["model", "data"]
}

// Complex workflow definition
{
  "type": "OBJECT",
  "description": "Automated workflow definition with conditional logic",
  "properties": {
    "workflow": {
      "type": "OBJECT",
      "properties": {
        "name": { "type": "STRING" },
        "version": { "type": "STRING" },
        "description": { "type": "STRING" },
        "triggers": {
          "type": "ARRAY",
          "items": {
            "type": "OBJECT",
            "properties": {
              "type": {
                "type": "STRING",
                "enum": ["schedule", "webhook", "file_change", "manual", "api_call"]
              },
              "config": {
                "type": "OBJECT",
                "properties": {
                  "cron_expression": { "type": "STRING" },
                  "webhook_url": { "type": "STRING" },
                  "file_patterns": {
                    "type": "ARRAY",
                    "items": { "type": "STRING" }
                  },
                  "conditions": {
                    "type": "ARRAY",
                    "items": {
                      "type": "OBJECT",
                      "properties": {
                        "field": { "type": "STRING" },
                        "operator": {
                          "type": "STRING",
                          "enum": ["equals", "not_equals", "contains", "greater_than", "less_than"]
                        },
                        "value": { "type": "STRING" }
                      },
                      "required": ["field", "operator", "value"]
                    }
                  }
                }
              }
            },
            "required": ["type", "config"]
          }
        },
        "steps": {
          "type": "ARRAY",
          "items": {
            "type": "OBJECT",
            "properties": {
              "id": { "type": "STRING" },
              "name": { "type": "STRING" },
              "type": {
                "type": "STRING",
                "enum": ["action", "condition", "loop", "parallel", "wait"]
              },
              "action": {
                "type": "OBJECT",
                "properties": {
                  "type": {
                    "type": "STRING",
                    "enum": ["http_request", "database_query", "file_operation", "email", "script"]
                  },
                  "config": { "type": "OBJECT" },
                  "timeout_seconds": { "type": "INTEGER" },
                  "retry_policy": {
                    "type": "OBJECT",
                    "properties": {
                      "max_attempts": { "type": "INTEGER" },
                      "backoff_strategy": {
                        "type": "STRING",
                        "enum": ["linear", "exponential", "fixed"]
                      },
                      "delay_seconds": { "type": "INTEGER" }
                    }
                  }
                }
              },
              "condition": {
                "type": "OBJECT",
                "properties": {
                  "expression": { "type": "STRING" },
                  "true_branch": { "type": "STRING" },
                  "false_branch": { "type": "STRING" }
                }
              },
              "dependencies": {
                "type": "ARRAY",
                "items": { "type": "STRING" },
                "description": "Step IDs that must complete before this step"
              },
              "error_handling": {
                "type": "OBJECT",
                "properties": {
                  "on_failure": {
                    "type": "STRING",
                    "enum": ["continue", "stop", "retry", "rollback"]
                  },
                  "notification": {
                    "type": "OBJECT",
                    "properties": {
                      "enabled": { "type": "BOOLEAN" },
                      "channels": {
                        "type": "ARRAY",
                        "items": {
                          "type": "STRING",
                          "enum": ["email", "slack", "webhook", "sms"]
                        }
                      },
                      "recipients": {
                        "type": "ARRAY",
                        "items": { "type": "STRING" }
                      }
                    }
                  }
                }
              }
            },
            "required": ["id", "name", "type"]
          }
        },
        "variables": {
          "type": "OBJECT",
          "description": "Global workflow variables"
        },
        "outputs": {
          "type": "ARRAY",
          "items": {
            "type": "OBJECT",
            "properties": {
              "name": { "type": "STRING" },
              "value": { "type": "STRING" },
              "type": {
                "type": "STRING",
                "enum": ["string", "number", "boolean", "object", "array"]
              }
            },
            "required": ["name", "value", "type"]
          }
        }
      },
      "required": ["name", "version", "triggers", "steps"]
    }
  },
  "required": ["workflow"]
}
4.3.7. Validation Rules
Type-Specific Validation:
	STRING Type:
	Must be valid UTF-8 encoded text
	If enum is specified, value must match exactly one enum value
	Empty strings are valid unless explicitly prohibited


	NUMBER Type:
	Must be valid IEEE 754 double-precision floating-point number
	Supports positive, negative, and zero values
	Special values (NaN, Infinity) should be handled according to implementation requirements


	INTEGER Type:
	Must be whole number within 64-bit signed integer range (-2^63 to 2^63-1)
	Decimal values are invalid for INTEGER type


	BOOLEAN Type:
	Must be exactly true or false
	String representations ("true", "false") are invalid


	ARRAY Type:
	Must have items field defining element schema
	All elements must conform to the items schema
	Empty arrays are valid


	OBJECT Type:
	All properties must conform to their defined schemas
	Required properties must be present
	Additional properties handling depends on implementation policy



Cross-Field Validation:
	required array elements must exist in properties map
	items field is mandatory for ARRAY types
	enum field is only valid for STRING types
	Recursive schemas must not create infinite loops

4.3.8. Design Rationale
The Schema type system design prioritizes:
	OpenAPI Compatibility: Direct alignment with OpenAPI 3.0 JSON Schema Object
	Type Safety: Clear type definitions prevent runtime errors
	Flexibility: Recursive structure supports arbitrarily complex data
	Validation Clarity: Unambiguous rules for data validation
	Industry Standards: Uses established patterns from JSON Schema specification

4.3.9. Implementation Notes
Validation Algorithm:
function validateSchema(data, schema) {
  switch (schema.type) {
    case 'STRING':
      if (typeof data !== 'string') return false;
      if (schema.enum && !schema.enum.includes(data)) return false;
      return true;
    
    case 'NUMBER':
      return typeof data === 'number' && !isNaN(data);
    
    case 'INTEGER':
      return Number.isInteger(data);
    
    case 'BOOLEAN':
      return typeof data === 'boolean';
    
    case 'ARRAY':
      if (!Array.isArray(data)) return false;
      return data.every(item => validateSchema(item, schema.items));
    
    case 'OBJECT':
      if (typeof data !== 'object' || data === null) return false;
      
      // Check required properties
      if (schema.required) {
        for (const prop of schema.required) {
          if (!(prop in data)) return false;
        }
      }
      
      // Validate properties
      if (schema.properties) {
        for (const [key, value] of Object.entries(data)) {
          if (key in schema.properties) {
            if (!validateSchema(value, schema.properties[key])) return false;
          }
        }
      }
      
      return true;
    
    default:
      return false;
  }
}
Common Implementation Patterns:
	Use recursive validation for nested structures
	Implement schema caching for performance optimization
	Provide detailed error messages for validation failures
	Support schema composition and inheritance for complex scenarios
	Consider implementing schema versioning for backward compatibility

4.4. FunctionCall Structure
The FunctionCall structure represents a request to invoke a specific function within a tool, containing the function name and its arguments. This structure is used by AI models to request tool execution and must reference a function declared in the corresponding Tool's function_declarations.
4.4.1. Structure Definition
	Field	Type	Required	Description
	name	String	Yes	Name of the function to invoke, must match a FunctionDeclaration name
	args	Map<String, Any>	Yes	Arguments to pass to the function, must conform to the function's parameter schema

4.4.2. Field Specifications
name
	Type: String
	Required: Yes
	Purpose: Identifies the specific function to invoke within the tool
	Constraints: 	Must exactly match the name of a function declared in the associated Tool's function_declarations
	Case-sensitive matching
	Must follow the same naming rules as FunctionDeclaration names (alphanumeric, underscores, dashes, max 64 chars)


	Validation: Must reference an existing, valid function declaration
	Error Handling: Invalid function names should result in clear error messages

args
	Type: Map of string keys to JSON-serializable values
	Required: Yes
	Purpose: Provides the input parameters for the function invocation
	Constraints: 	Must conform to the parameter schema defined in the referenced FunctionDeclaration
	All required parameters must be present
	Parameter values must match their declared types
	Optional parameters may be omitted


	Serialization: Must be JSON-serializable (strings, numbers, booleans, arrays, objects, null)
	Validation: Schema validation must be performed before function execution
	Structure: Keys must match parameter names exactly (case-sensitive)	Additional parameters not defined in the schema should be rejected


	Purpose: Provides the input data for function execution
	Serialization: Must be JSON-serializable (strings, numbers, booleans, arrays, objects, null)

4.4.3. Validation Rules
	Function Reference Validation:
	The name field must reference an existing FunctionDeclaration in the associated Tool
	Function name matching is case-sensitive and must be exact


	Parameter Validation:
	All arguments in args must conform to the parameter schema defined in the referenced FunctionDeclaration
	Required parameters must be present in the args map
	Parameter types must match their schema definitions exactly
	Enum constraints must be respected for string parameters


	JSON Serialization:
	All values in the args map must be JSON-serializable
	Complex objects must conform to their nested schema definitions
	Arrays must contain elements of the correct type as defined in the schema



4.4.4. JSON Schema Representation
{
  "type": "object",
  "properties": {
    "name": {
      "type": "string",
      "pattern": "^[a-zA-Z_][a-zA-Z0-9_-]{0,63}$",
      "description": "Name of the function to invoke"
    },
    "args": {
      "type": "object",
      "description": "Function arguments as key-value pairs"
    }
  },
  "required": ["name", "args"],
  "additionalProperties": false
}
4.4.5. Examples
Simple Function Call with Basic Parameters
{
  "name": "get_weather_forecast",
  "args": {
    "location": "San Francisco, CA",
    "days": 3,
    "units": "celsius"
  }
}
Function Call with No Parameters
{
  "name": "get_system_status",
  "args": {}
}
Complex Function Call with Nested Objects
{
  "name": "schedule_meeting",
  "args": {
    "title": "Project Planning Session",
    "start_time": "2025-02-10T14:00:00Z",
    "duration_minutes": 60,
    "participants": [
      {
        "email": "alice@example.com",
        "role": "organizer",
        "send_invitation": true
      },
      {
        "email": "bob@example.com",
        "role": "required",
        "send_invitation": true
      },
      {
        "email": "charlie@example.com",
        "role": "optional",
        "send_invitation": false
      }
    ],
    "location": {
      "type": "virtual",
      "virtual_link": "https://meet.example.com/abc-def-ghi"
    }
  }
}
Function Call with Array Parameters
{
  "name": "process_financial_data",
  "args": {
    "transactions": [
      {
        "transaction_id": "txn_001",
        "amount": -45.67,
        "currency": "USD",
        "timestamp": "2025-02-08T10:30:00Z",
        "category": "expense",
        "account": {
          "account_id": "acc_checking_001",
          "account_type": "checking"
        },
        "metadata": {
          "merchant": "Coffee Shop Downtown",
          "tags": ["food", "coffee"]
        }
      },
      {
        "transaction_id": "txn_002",
        "amount": 2500.00,
        "currency": "USD",
        "timestamp": "2025-02-08T09:00:00Z",
        "category": "income",
        "account": {
          "account_id": "acc_checking_001",
          "account_type": "checking"
        },
        "metadata": {
          "reference": "SALARY_FEB_2025"
        }
      }
    ],
    "validation_rules": {
      "max_amount": 10000.00,
      "allowed_currencies": ["USD", "EUR"],
      "require_merchant": true
    },
    "output_format": "detailed"
  }
}
Function Call with String Enumeration
{
  "name": "create_support_ticket",
  "args": {
    "title": "Unable to access dashboard",
    "description": "User reports that the main dashboard is not loading after login. Error message shows 'Connection timeout'.",
    "priority": "high",
    "category": "technical",
    "assignee": {
      "team": "frontend-support"
    },
    "attachments": [
      {
        "filename": "error_screenshot.png",
        "content_type": "image/png",
        "size": 245760
      }
    ]
  }
}
4.4.6. Parameter Type Examples
STRING Parameters
{
  "name": "send_notification",
  "args": {
    "message": "Your order has been shipped",
    "channel": "email",  // Must match enum values if defined
    "recipient": "user@example.com"
  }
}
NUMBER and INTEGER Parameters
{
  "name": "calculate_compound_interest",
  "args": {
    "principal": 10000.50,      // NUMBER type
    "rate": 0.05,               // NUMBER type  
    "periods": 12,              // INTEGER type
    "years": 5                  // INTEGER type
  }
}
BOOLEAN Parameters
{
  "name": "update_user_preferences",
  "args": {
    "user_id": "user_123",
    "email_notifications": true,     // BOOLEAN type
    "sms_notifications": false,      // BOOLEAN type
    "marketing_emails": true         // BOOLEAN type
  }
}
ARRAY Parameters with Different Element Types
{
  "name": "batch_process_items",
  "args": {
    "item_ids": ["item_1", "item_2", "item_3"],  // Array of strings
    "quantities": [10, 25, 5],                   // Array of integers
    "prices": [19.99, 45.50, 12.75],            // Array of numbers
    "active_flags": [true, false, true]          // Array of booleans
  }
}
Real-World E-commerce Function Call
{
  "name": "process_order",
  "args": {
    "order": {
      "customer_id": "CUST-789123",
      "items": [
        {
          "product_id": "PROD-001",
          "quantity": 2,
          "unit_price": 29.99,
          "customizations": {
            "color": "blue",
            "size": "L",
            "engraving": "Happy Birthday!"
          }
        },
        {
          "product_id": "PROD-045",
          "quantity": 1,
          "unit_price": 149.99,
          "warranty_extension": true
        }
      ],
      "shipping": {
        "method": "express",
        "address": {
          "street": "123 Main St",
          "city": "San Francisco",
          "state": "CA",
          "zip": "94105",
          "country": "US"
        },
        "instructions": "Leave at front door"
      },
      "payment": {
        "method": "credit_card",
        "card_last_four": "1234",
        "billing_address_same": true
      },
      "promotions": [
        {
          "code": "SAVE20",
          "discount_percent": 20,
          "applied_to": ["PROD-001"]
        }
      ]
    },
    "processing_options": {
      "send_confirmation_email": true,
      "update_inventory": true,
      "create_shipping_label": true,
      "fraud_check": true
    }
  }
}
AI Model Configuration Function Call
{
  "name": "configure_ai_model",
  "args": {
    "model_config": {
      "model_type": "language_model",
      "version": "v2.1",
      "parameters": {
        "temperature": 0.7,
        "max_tokens": 2048,
        "top_p": 0.9,
        "frequency_penalty": 0.1,
        "presence_penalty": 0.1
      },
      "system_prompt": "You are a helpful AI assistant specialized in technical documentation.",
      "safety_settings": {
        "content_filtering": true,
        "toxicity_threshold": 0.8,
        "bias_detection": true
      },
      "capabilities": [
        {
          "type": "text_generation",
          "enabled": true,
          "max_length": 4000
        },
        {
          "type": "code_analysis",
          "enabled": true,
          "supported_languages": ["python", "javascript", "java", "go"]
        },
        {
          "type": "document_summarization",
          "enabled": false
        }
      ]
    },
    "deployment_settings": {
      "environment": "production",
      "scaling": {
        "min_instances": 2,
        "max_instances": 10,
        "auto_scale": true
      },
      "monitoring": {
        "log_level": "info",
        "metrics_enabled": true,
        "alert_thresholds": {
          "response_time_ms": 5000,
          "error_rate_percent": 5.0
        }
      }
    }
  }
}
Complex Data Analytics Function Call
{
  "name": "analyze_business_metrics",
  "args": {
    "analysis_request": {
      "metrics": [
        {
          "name": "revenue_growth",
          "type": "percentage",
          "time_period": "quarterly",
          "segments": ["product_line", "region", "customer_tier"]
        },
        {
          "name": "customer_acquisition_cost",
          "type": "currency",
          "time_period": "monthly",
          "segments": ["marketing_channel", "product_category"]
        },
        {
          "name": "churn_rate",
          "type": "percentage",
          "time_period": "monthly",
          "segments": ["subscription_type", "customer_age_group"]
        }
      ],
      "date_range": {
        "start_date": "2024-01-01",
        "end_date": "2024-12-31",
        "comparison_periods": [
          {
            "name": "previous_year",
            "start_date": "2023-01-01",
            "end_date": "2023-12-31"
          },
          {
            "name": "industry_benchmark",
            "source": "external_dataset",
            "dataset_id": "industry_saas_2024"
          }
        ]
      },
      "filters": [
        {
          "field": "customer_type",
          "operator": "in",
          "values": ["enterprise", "mid_market"]
        },
        {
          "field": "product_version",
          "operator": "greater_than_or_equal",
          "values": ["2.0"]
        }
      ],
      "aggregations": [
        {
          "type": "sum",
          "field": "revenue",
          "group_by": ["month", "product_line"]
        },
        {
          "type": "average",
          "field": "deal_size",
          "group_by": ["sales_rep", "quarter"]
        },
        {
          "type": "count_distinct",
          "field": "customer_id",
          "group_by": ["acquisition_channel"]
        }
      ]
    },
    "output_config": {
      "format": "comprehensive_report",
      "visualizations": [
        {
          "type": "line_chart",
          "metrics": ["revenue_growth"],
          "x_axis": "time_period",
          "y_axis": "percentage",
          "grouping": "product_line"
        },
        {
          "type": "bar_chart",
          "metrics": ["customer_acquisition_cost"],
          "x_axis": "marketing_channel",
          "y_axis": "cost_usd",
          "comparison": "previous_year"
        },
        {
          "type": "heatmap",
          "metrics": ["churn_rate"],
          "x_axis": "customer_tier",
          "y_axis": "month",
          "color_scale": "red_yellow_green"
        }
      ],
      "statistical_tests": [
        {
          "type": "t_test",
          "hypothesis": "revenue_growth_significant",
          "confidence_level": 0.95
        },
        {
          "type": "correlation_analysis",
          "variables": ["marketing_spend", "customer_acquisition_cost"],
          "method": "pearson"
        }
      ],
      "export_formats": ["pdf", "excel", "json"],
      "include_raw_data": false,
      "executive_summary": true
    }
  }
}
Multi-Cloud Infrastructure Management Function Call
{
  "name": "manage_cloud_infrastructure",
  "args": {
    "operation": "deploy_multi_region",
    "infrastructure": {
      "application": {
        "name": "web-app-prod",
        "version": "v2.3.1",
        "architecture": "microservices",
        "components": [
          {
            "name": "api-gateway",
            "type": "load_balancer",
            "replicas": 3,
            "resources": {
              "cpu": "2 cores",
              "memory": "4GB",
              "storage": "50GB SSD"
            },
            "auto_scaling": {
              "enabled": true,
              "min_replicas": 2,
              "max_replicas": 10,
              "cpu_threshold": 70,
              "memory_threshold": 80
            }
          },
          {
            "name": "user-service",
            "type": "microservice",
            "replicas": 5,
            "resources": {
              "cpu": "1 core",
              "memory": "2GB",
              "storage": "20GB SSD"
            },
            "database": {
              "type": "postgresql",
              "version": "14.2",
              "instance_class": "db.r5.large",
              "storage": "100GB",
              "backup_retention": 7,
              "multi_az": true
            }
          },
          {
            "name": "notification-service",
            "type": "microservice",
            "replicas": 3,
            "resources": {
              "cpu": "0.5 cores",
              "memory": "1GB",
              "storage": "10GB SSD"
            },
            "message_queue": {
              "type": "rabbitmq",
              "instance_type": "mq.m5.large",
              "durability": true,
              "clustering": true
            }
          }
        ]
      },
      "regions": [
        {
          "name": "us-east-1",
          "provider": "aws",
          "primary": true,
          "availability_zones": ["us-east-1a", "us-east-1b", "us-east-1c"],
          "network": {
            "vpc_cidr": "10.0.0.0/16",
            "public_subnets": ["10.0.1.0/24", "10.0.2.0/24"],
            "private_subnets": ["10.0.10.0/24", "10.0.20.0/24"],
            "nat_gateway": true,
            "internet_gateway": true
          }
        },
        {
          "name": "europe-west1",
          "provider": "gcp",
          "primary": false,
          "availability_zones": ["europe-west1-a", "europe-west1-b"],
          "network": {
            "vpc_cidr": "10.1.0.0/16",
            "public_subnets": ["10.1.1.0/24", "10.1.2.0/24"],
            "private_subnets": ["10.1.10.0/24", "10.1.20.0/24"],
            "cloud_nat": true
          }
        }
      ],
      "security": {
        "encryption": {
          "at_rest": true,
          "in_transit": true,
          "key_management": "cloud_kms"
        },
        "network_policies": [
          {
            "name": "api-gateway-ingress",
            "type": "ingress",
            "ports": [80, 443],
            "sources": ["0.0.0.0/0"],
            "protocols": ["tcp"]
          },
          {
            "name": "internal-services",
            "type": "ingress",
            "ports": [8080, 9090],
            "sources": ["10.0.0.0/8"],
            "protocols": ["tcp"]
          }
        ],
        "identity_access": {
          "rbac_enabled": true,
          "service_accounts": [
            {
              "name": "api-gateway-sa",
              "permissions": ["read_secrets", "write_logs"]
            },
            {
              "name": "user-service-sa",
              "permissions": ["read_database", "write_database", "read_secrets"]
            }
          ]
        }
      },
      "monitoring": {
        "metrics": {
          "enabled": true,
          "retention_days": 30,
          "custom_metrics": [
            {
              "name": "api_response_time",
              "type": "histogram",
              "labels": ["endpoint", "method", "status_code"]
            },
            {
              "name": "active_users",
              "type": "gauge",
              "labels": ["region", "service"]
            }
          ]
        },
        "logging": {
          "enabled": true,
          "level": "info",
          "structured": true,
          "retention_days": 90
        },
        "alerting": {
          "rules": [
            {
              "name": "high_error_rate",
              "condition": "error_rate > 5%",
              "duration": "5m",
              "severity": "critical",
              "notifications": ["pagerduty", "slack"]
            },
            {
              "name": "high_latency",
              "condition": "p95_latency > 2s",
              "duration": "10m",
              "severity": "warning",
              "notifications": ["slack"]
            }
          ]
        }
      }
    },
    "deployment_strategy": {
      "type": "blue_green",
      "rollback_enabled": true,
      "health_checks": {
        "readiness_probe": "/health/ready",
        "liveness_probe": "/health/live",
        "startup_probe": "/health/startup",
        "timeout_seconds": 30,
        "failure_threshold": 3
      },
      "traffic_splitting": {
        "enabled": true,
        "initial_percentage": 10,
        "increment_percentage": 25,
        "increment_interval_minutes": 15
      }
    }
  }
}
4.4.7. Design Rationale
The FunctionCall structure design emphasizes:
	Simplicity: Minimal structure with only essential fields (name and args)
	Type Safety: Arguments must conform to declared parameter schemas
	Industry Compatibility: Aligns with Google Gemini and OpenAI function calling patterns
	JSON Serialization: All arguments must be JSON-serializable for cross-language compatibility
	Validation Clarity: Clear rules for parameter validation and function reference checking

4.4.8. Implementation Notes
Validation Implementation:
function validateFunctionCall(functionCall, tool) {
  // Find the function declaration
  const functionDecl = tool.function_declarations.find(
    decl => decl.name === functionCall.name
  );
  
  if (!functionDecl) {
    throw new Error(`Function '${functionCall.name}' not found in tool`);
  }
  
  // Validate arguments against parameter schema
  return validateSchema(functionCall.args, functionDecl.parameters);
}
Common Validation Errors:
	Function name not found in tool declarations
	Missing required parameters in args
	Parameter type mismatches (e.g., string instead of integer)
	Invalid enum values for string parameters
	Non-JSON-serializable values in args
	Additional parameters not defined in schema

Best Practices:
	Always validate function calls against their declarations before execution
	Provide clear error messages for validation failures
	Ensure all argument values are JSON-serializable
	Consider parameter sanitization for security
	Log function calls for debugging and audit purposes

4.5. ToolResult Structure
The ToolResult structure represents the response from a function call execution, using a discriminated union pattern to handle both successful results and error conditions in a type-safe manner. This unified structure replaces separate response and error types, providing unambiguous result handling.
4.5.1. Structure Definition
	Field	Type	Required	Description
	name	String	Yes	Name of the function that was invoked
	status	ResultStatus	Yes	Execution status indicating success or failure
	content	Object	Conditional	Result data (required when status is SUCCESS)
	error	ErrorObject	Conditional	Error information (required when status is ERROR)

4.5.2. ResultStatus Enumeration
The ResultStatus enumeration defines the possible execution outcomes:
	Status	Description	Required Fields
	SUCCESS	Function executed successfully	content field must be present
	ERROR	Function execution failed	error field must be present

4.5.3. ErrorObject Structure
The ErrorObject provides structured error information:
	Field	Type	Required	Description
	message	String	Yes	Human-readable error description
	type	String	No	Standardized error code for programmatic handling

4.5.4. Field Specifications
name
	Type: String
	Required: Yes
	Purpose: Identifies which function produced this result
	Constraints:	Matching: Must exactly match the name from the corresponding FunctionCall (case-sensitive).
	Validity: Must be a non-empty string corresponding to a valid function name.


	Usage: Enables correlation between calls and responses in batch scenarios.

status
	Type: ResultStatus enumeration
	Required: Yes
	Purpose: Indicates whether the function execution succeeded or failed.
	Constraints:	Value: Must be one of the ResultStatus enumeration values (SUCCESS or ERROR).
	Implication: Determines which of the conditional fields (content or error) must be present.



content (conditional)
	Type: JSON-serializable object
	Required: Conditional (Yes when status is SUCCESS)
	Purpose: Contains the actual result data from successful function execution.
	Constraints:	Presence: Required if status is SUCCESS; must be absent if status is ERROR.
	Format: Must be a JSON-serializable object, array, primitive, or null.
	Size: Should be of a reasonable size for transport and processing (implementation-dependent).



error (conditional)
	Type: ErrorObject
	Required: Conditional (Yes when status is ERROR)
	Purpose: Provides structured error information for failed executions.
	Constraints:	Presence: Required if status is ERROR; must be absent if status is SUCCESS.
	Structure: Must be a valid ErrorObject.



4.5.5. ErrorObject Field Specifications
message
	Type: String
	Required: Yes
	Purpose: Human-readable description of what went wrong.
	Constraints:	Presence: Must be a non-empty and informative string (minimum 1 character after trimming whitespace).
	Security: Should not expose sensitive system information or internal implementation details.
	Length: Recommended maximum of 500 characters for practical display purposes.


	Best Practices: Should be clear, actionable, and safe for AI model consumption.

type
	Type: String
	Required: No
	Purpose: Standardized error code for programmatic error handling.
	Constraints:	Format: Should follow a consistent naming convention (e.g., UPPER_SNAKE_CASE) when present.
	Extensibility: New error types can be added without breaking existing implementations.


	Examples: PARAMETER_VALIDATION_FAILED, RESOURCE_NOT_FOUND, PERMISSION_DENIED
	Usage: Enables consistent error handling across different function implementations.

4.5.6. Validation Rules
	Discriminated Union Validation:
	When status is "SUCCESS", the content field must be present and error field must be absent
	When status is "ERROR", the error field must be present and content field must be absent
	Both content and error fields cannot be present simultaneously


	Content Validation:
	Content must be JSON-serializable
	Content can be any valid JSON type (object, array, string, number, boolean, null)
	Complex objects should follow consistent structure patterns


	Error Validation:
	Error message must be non-empty string
	Error type, if present, should follow consistent naming conventions
	Error information should not expose sensitive system details



4.5.7. JSON Schema Representation
{
  "type": "object",
  "properties": {
    "name": {
      "type": "string",
      "pattern": "^[a-zA-Z_][a-zA-Z0-9_-]{0,63}$",
      "description": "Name of the function that was invoked"
    },
    "status": {
      "type": "string",
      "enum": ["SUCCESS", "ERROR"],
      "description": "Execution status"
    },
    "content": {
      "description": "Result data (required when status is SUCCESS)"
    },
    "error": {
      "type": "object",
      "properties": {
        "message": {
          "type": "string",
          "minLength": 1,
          "description": "Human-readable error description"
        },
        "type": {
          "type": "string",
          "description": "Standardized error code"
        }
      },
      "required": ["message"],
      "additionalProperties": false,
      "description": "Error information (required when status is ERROR)"
    }
  },
  "required": ["name", "status"],
  "additionalProperties": false,
  "oneOf": [
    {
      "properties": {
        "status": { "const": "SUCCESS" }
      },
      "required": ["content"],
      "not": { "required": ["error"] }
    },
    {
      "properties": {
        "status": { "const": "ERROR" }
      },
      "required": ["error"],
      "not": { "required": ["content"] }
    }
  ]
}
4.5.8. Examples
Successful Function Execution with Simple Result
{
  "name": "get_current_time",
  "status": "SUCCESS",
  "content": {
    "timestamp": "2025-02-08T15:30:45Z",
    "timezone": "UTC",
    "formatted": "February 8, 2025 at 3:30 PM UTC"
  }
}
Successful Function Execution with Complex Result
{
  "name": "get_weather_forecast",
  "status": "SUCCESS",
  "content": {
    "location": "San Francisco, CA",
    "current_conditions": {
      "temperature": 18,
      "humidity": 65,
      "conditions": "partly cloudy",
      "wind_speed": 12
    },
    "forecast": [
      {
        "date": "2025-02-09",
        "high": 20,
        "low": 12,
        "conditions": "sunny",
        "precipitation_chance": 10
      },
      {
        "date": "2025-02-10",
        "high": 17,
        "low": 10,
        "conditions": "cloudy",
        "precipitation_chance": 30
      },
      {
        "date": "2025-02-11",
        "high": 15,
        "low": 8,
        "conditions": "rainy",
        "precipitation_chance": 80
      }
    ],
    "units": "celsius",
    "last_updated": "2025-02-08T15:30:00Z"
  }
}
Successful Function Execution with Array Result
{
  "name": "list_user_accounts",
  "status": "SUCCESS",
  "content": [
    {
      "account_id": "acc_001",
      "account_type": "checking",
      "balance": 2547.83,
      "currency": "USD",
      "status": "active"
    },
    {
      "account_id": "acc_002", 
      "account_type": "savings",
      "balance": 15230.45,
      "currency": "USD",
      "status": "active"
    },
    {
      "account_id": "acc_003",
      "account_type": "credit",
      "balance": -1205.67,
      "currency": "USD",
      "status": "active"
    }
  ]
}
Successful Function Execution with Primitive Result
{
  "name": "calculate_tax",
  "status": "SUCCESS",
  "content": 1247.50
}
Successful Function Execution with Nested Object Result
{
  "name": "analyze_document",
  "status": "SUCCESS",
  "content": {
    "summary": "This document discusses quarterly financial performance with positive growth trends.",
    "entities": [
      {
        "text": "Q3 2024",
        "type": "DATE",
        "confidence": 0.95
      },
      {
        "text": "Microsoft Corporation",
        "type": "ORGANIZATION",
        "confidence": 0.98
      }
    ],
    "sentiment": {
      "overall": "positive",
      "confidence": 0.87,
      "scores": {
        "positive": 0.72,
        "neutral": 0.21,
        "negative": 0.07
      }
    },
    "key_phrases": [
      "revenue growth",
      "market expansion",
      "customer satisfaction"
    ],
    "language": {
      "detected": "en",
      "confidence": 0.99
    },
    "metadata": {
      "word_count": 1247,
      "reading_time_minutes": 5,
      "complexity_score": "intermediate"
    }
  }
}
Successful Function Execution with Mixed Data Types
{
  "name": "generate_report",
  "status": "SUCCESS",
  "content": {
    "report_id": "RPT-2024-001",
    "generated_at": "2024-02-15T10:30:00Z",
    "format": "pdf",
    "file_size_bytes": 2048576,
    "pages": 15,
    "sections": [
      {
        "title": "Executive Summary",
        "page_range": [1, 2],
        "charts_included": false
      },
      {
        "title": "Financial Analysis",
        "page_range": [3, 8],
        "charts_included": true,
        "chart_types": ["bar", "line", "pie"]
      },
      {
        "title": "Recommendations",
        "page_range": [9, 15],
        "charts_included": false
      }
    ],
    "download_url": "https://reports.example.com/download/RPT-2024-001.pdf",
    "expires_at": "2024-02-22T10:30:00Z",
    "access_permissions": {
      "public": false,
      "requires_authentication": true,
      "allowed_users": ["user_123", "user_456"]
    }
  }
}
Error Response with Basic Information
{
  "name": "get_weather_forecast",
  "status": "ERROR",
  "error": {
    "message": "Invalid location: 'Nonexistent City' could not be found in weather database",
    "type": "PARAMETER_VALIDATION_FAILED"
  }
}
Error Response with Detailed Information
{
  "name": "process_financial_data",
  "status": "ERROR",
  "error": {
    "message": "Transaction validation failed: amount exceeds maximum allowed limit of $10,000.00 for transaction txn_003",
    "type": "BUSINESS_RULE_VIOLATION"
  }
}
Error Response for System Failures
{
  "name": "create_support_ticket",
  "status": "ERROR",
  "error": {
    "message": "Unable to create support ticket due to temporary service unavailability. Please try again in a few minutes.",
    "type": "SERVICE_UNAVAILABLE"
  }
}
Error Response for Permission Issues
{
  "name": "delete_user_account",
  "status": "ERROR",
  "error": {
    "message": "Insufficient permissions to delete user account. Admin privileges required.",
    "type": "PERMISSION_DENIED"
  }
}
Error Response for Missing Resources
{
  "name": "get_user_profile",
  "status": "ERROR",
  "error": {
    "message": "User with ID 'user_999' not found",
    "type": "RESOURCE_NOT_FOUND"
  }
}
Error Response for Rate Limiting
{
  "name": "send_email",
  "status": "ERROR",
  "error": {
    "message": "Rate limit exceeded: maximum 100 emails per hour. Try again in 45 minutes.",
    "type": "RATE_LIMIT_EXCEEDED"
  }
}
Error Response for Configuration Issues
{
  "name": "backup_database",
  "status": "ERROR",
  "error": {
    "message": "Database backup failed: S3 credentials not configured or invalid",
    "type": "CONFIGURATION_ERROR"
  }
}
Error Response for Invalid State
{
  "name": "cancel_order",
  "status": "ERROR",
  "error": {
    "message": "Cannot cancel order ORD-12345: order has already been shipped",
    "type": "INVALID_STATE"
  }
}
Successful Complex Analytics Result
{
  "name": "analyze_business_metrics",
  "status": "SUCCESS",
  "content": {
    "analysis_id": "ANALYSIS-2024-001",
    "generated_at": "2024-02-15T14:30:00Z",
    "time_period": {
      "start_date": "2024-01-01",
      "end_date": "2024-12-31",
      "total_days": 366
    },
    "metrics_summary": {
      "revenue_growth": {
        "current_period": 23.5,
        "previous_period": 18.2,
        "change": 5.3,
        "trend": "increasing",
        "statistical_significance": 0.95
      },
      "customer_acquisition_cost": {
        "current_period": 245.67,
        "previous_period": 289.34,
        "change": -43.67,
        "trend": "decreasing",
        "by_channel": {
          "organic": 89.23,
          "paid_search": 312.45,
          "social_media": 198.76,
          "referral": 156.89
        }
      },
      "churn_rate": {
        "current_period": 4.2,
        "previous_period": 5.8,
        "change": -1.6,
        "trend": "improving",
        "by_segment": {
          "enterprise": 2.1,
          "mid_market": 4.8,
          "small_business": 6.7
        }
      }
    },
    "detailed_analysis": {
      "top_performing_segments": [
        {
          "segment": "enterprise_customers",
          "metric": "revenue_growth",
          "value": 34.2,
          "contribution_percent": 67.8
        },
        {
          "segment": "product_line_premium",
          "metric": "profit_margin",
          "value": 42.1,
          "contribution_percent": 23.4
        }
      ],
      "areas_of_concern": [
        {
          "segment": "small_business",
          "metric": "churn_rate",
          "value": 6.7,
          "threshold": 5.0,
          "recommendation": "Implement targeted retention campaigns"
        }
      ],
      "correlations": [
        {
          "variables": ["marketing_spend", "customer_acquisition_cost"],
          "correlation_coefficient": -0.73,
          "p_value": 0.002,
          "interpretation": "Strong negative correlation - increased marketing spend reduces CAC"
        }
      ]
    },
    "visualizations": [
      {
        "type": "line_chart",
        "title": "Revenue Growth Trend",
        "data_url": "https://analytics.example.com/charts/revenue_growth_2024.png",
        "interactive_url": "https://analytics.example.com/interactive/revenue_growth_2024"
      },
      {
        "type": "heatmap",
        "title": "Churn Rate by Segment and Month",
        "data_url": "https://analytics.example.com/charts/churn_heatmap_2024.png"
      }
    ],
    "recommendations": [
      {
        "priority": "high",
        "category": "customer_retention",
        "description": "Focus retention efforts on small business segment",
        "expected_impact": "Reduce churn by 1.5-2.0 percentage points",
        "implementation_timeline": "3-6 months"
      },
      {
        "priority": "medium",
        "category": "marketing_optimization",
        "description": "Increase investment in organic and referral channels",
        "expected_impact": "Reduce overall CAC by 15-20%",
        "implementation_timeline": "2-4 months"
      }
    ],
    "export_links": {
      "pdf_report": "https://reports.example.com/business_metrics_2024.pdf",
      "excel_data": "https://reports.example.com/business_metrics_2024.xlsx",
      "raw_json": "https://api.example.com/analytics/raw_data/ANALYSIS-2024-001"
    }
  }
}
Successful Infrastructure Deployment Result
{
  "name": "manage_cloud_infrastructure",
  "status": "SUCCESS",
  "content": {
    "deployment_id": "DEPLOY-2024-0215-001",
    "status": "completed",
    "started_at": "2024-02-15T10:00:00Z",
    "completed_at": "2024-02-15T10:45:32Z",
    "duration_minutes": 45.53,
    "regions_deployed": [
      {
        "region": "us-east-1",
        "provider": "aws",
        "status": "healthy",
        "components": [
          {
            "name": "api-gateway",
            "status": "running",
            "replicas": {
              "desired": 3,
              "running": 3,
              "ready": 3
            },
            "endpoints": [
              "https://api-prod-us-east-1.example.com"
            ],
            "health_check": {
              "status": "passing",
              "last_check": "2024-02-15T10:44:00Z",
              "response_time_ms": 45
            }
          },
          {
            "name": "user-service",
            "status": "running",
            "replicas": {
              "desired": 5,
              "running": 5,
              "ready": 5
            },
            "database": {
              "status": "available",
              "endpoint": "user-db-prod.cluster-xyz.us-east-1.rds.amazonaws.com",
              "connections": {
                "active": 12,
                "max": 100
              }
            }
          },
          {
            "name": "notification-service",
            "status": "running",
            "replicas": {
              "desired": 3,
              "running": 3,
              "ready": 3
            },
            "message_queue": {
              "status": "available",
              "messages_in_queue": 0,
              "consumers_connected": 3
            }
          }
        ],
        "network": {
          "vpc_id": "vpc-0123456789abcdef0",
          "load_balancer": {
            "dns_name": "prod-lb-123456789.us-east-1.elb.amazonaws.com",
            "status": "active",
            "target_health": "healthy"
          }
        },
        "monitoring": {
          "dashboard_url": "https://monitoring.example.com/dashboard/us-east-1",
          "alerts_configured": 15,
          "metrics_collecting": true
        }
      },
      {
        "region": "europe-west1",
        "provider": "gcp",
        "status": "healthy",
        "components": [
          {
            "name": "api-gateway",
            "status": "running",
            "replicas": {
              "desired": 3,
              "running": 3,
              "ready": 3
            },
            "endpoints": [
              "https://api-prod-europe-west1.example.com"
            ]
          }
        ],
        "network": {
          "vpc_id": "projects/example-prod/global/networks/prod-vpc-eu",
          "load_balancer": {
            "ip_address": "34.102.136.180",
            "status": "active"
          }
        }
      }
    ],
    "traffic_distribution": {
      "us-east-1": {
        "percentage": 70,
        "requests_per_minute": 1250
      },
      "europe-west1": {
        "percentage": 30,
        "requests_per_minute": 535
      }
    },
    "security": {
      "certificates": {
        "status": "valid",
        "expires_at": "2025-02-15T00:00:00Z",
        "auto_renewal": true
      },
      "network_policies": {
        "applied": 8,
        "status": "enforced"
      },
      "encryption": {
        "at_rest": "enabled",
        "in_transit": "enabled",
        "key_rotation": "automatic"
      }
    },
    "cost_estimate": {
      "monthly_usd": 2847.50,
      "breakdown": {
        "compute": 1650.00,
        "storage": 245.00,
        "network": 312.50,
        "database": 485.00,
        "monitoring": 155.00
      }
    },
    "next_steps": [
      "Configure automated backups",
      "Set up disaster recovery procedures",
      "Schedule security audit",
      "Optimize resource allocation based on usage patterns"
    ]
  }
}
Error Response for Complex Validation Failure
{
  "name": "manage_cloud_infrastructure",
  "status": "ERROR",
  "error": {
    "message": "Infrastructure deployment failed: Multiple validation errors detected in configuration",
    "type": "PARAMETER_VALIDATION_FAILED",
    "details": {
      "validation_errors": [
        {
          "field": "regions[0].network.vpc_cidr",
          "error": "CIDR block 10.0.0.0/16 overlaps with existing VPC in region us-east-1",
          "suggested_value": "10.2.0.0/16"
        },
        {
          "field": "infrastructure.components[1].database.instance_class",
          "error": "Instance class 'db.r5.large' not available in region europe-west1",
          "available_options": ["db.n1-standard-2", "db.n1-standard-4", "db.n1-highmem-2"]
        },
        {
          "field": "security.network_policies[0].sources",
          "error": "Source IP range '0.0.0.0/0' violates security policy for production environments",
          "recommendation": "Use specific IP ranges or implement WAF"
        }
      ],
      "warnings": [
        {
          "field": "infrastructure.components[0].auto_scaling.max_replicas",
          "warning": "Maximum replicas (10) may exceed regional quota limits",
          "current_quota": 8,
          "recommendation": "Request quota increase or reduce max_replicas to 8"
        }
      ],
      "failed_at_stage": "pre_deployment_validation",
      "rollback_required": false
    }
  }
}
Error Response for Service Dependency Failure
{
  "name": "analyze_business_metrics",
  "status": "ERROR",
  "error": {
    "message": "Analysis failed due to data warehouse connection timeout after 30 seconds",
    "type": "SERVICE_UNAVAILABLE",
    "details": {
      "service": "data_warehouse",
      "endpoint": "analytics-db.internal.example.com:5432",
      "error_code": "CONNECTION_TIMEOUT",
      "retry_after_seconds": 300,
      "alternative_actions": [
        "Use cached data from last successful run (2 hours old)",
        "Run analysis on subset of data from backup source",
        "Schedule analysis for later execution when service is restored"
      ],
      "incident_id": "INC-2024-0215-003",
      "estimated_resolution": "2024-02-15T16:00:00Z"
    }
  }
}
4.5.9. Common Error Types
The following standardized error types are recommended for consistent error handling:
	Error Type	Description	Usage
	PARAMETER_VALIDATION_FAILED	Input parameters failed schema validation	Invalid or missing required parameters
	RESOURCE_NOT_FOUND	Requested resource does not exist	User, file, record not found
	PERMISSION_DENIED	Insufficient permissions for operation	Authorization failures
	BUSINESS_RULE_VIOLATION	Operation violates business logic rules	Limits exceeded, invalid state transitions
	SERVICE_UNAVAILABLE	External service or dependency unavailable	Database down, API timeout
	RATE_LIMIT_EXCEEDED	Too many requests in time period	API rate limiting
	INVALID_STATE	Resource in invalid state for operation	Account suspended, order already shipped
	CONFIGURATION_ERROR	System configuration issue	Missing API keys, invalid settings

4.5.10. Design Rationale
The ToolResult discriminated union design provides:
	Type Safety: Clear distinction between success and error cases prevents parsing ambiguity
	Consistency: Unified structure for all function responses simplifies handling logic
	Extensibility: Error types can be standardized and extended without breaking changes
	Debugging: Function name correlation enables tracing in complex execution scenarios
	AI-Friendly: Structured errors provide clear feedback for AI model learning and adaptation

4.5.11. Implementation Notes
Discriminated Union Validation:
function validateToolResult(result) {
  if (result.status === 'SUCCESS') {
    if (!('content' in result)) {
      throw new Error('SUCCESS status requires content field');
    }
    if ('error' in result) {
      throw new Error('SUCCESS status cannot have error field');
    }
  } else if (result.status === 'ERROR') {
    if (!('error' in result)) {
      throw new Error('ERROR status requires error field');
    }
    if ('content' in result) {
      throw new Error('ERROR status cannot have content field');
    }
    if (!result.error.message || result.error.message.trim() === '') {
      throw new Error('Error message cannot be empty');
    }
  } else {
    throw new Error(`Invalid status: ${result.status}`);
  }
  
  return true;
}
Type-Safe Result Handling:
function handleToolResult(result) {
  switch (result.status) {
    case 'SUCCESS':
      // TypeScript/strongly-typed languages can guarantee content exists
      console.log('Function succeeded:', result.content);
      return result.content;
      
    case 'ERROR':
      // TypeScript/strongly-typed languages can guarantee error exists
      console.error('Function failed:', result.error.message);
      if (result.error.type) {
        console.error('Error type:', result.error.type);
      }
      throw new Error(result.error.message);
      
    default:
      throw new Error(`Unknown result status: ${result.status}`);
  }
}
Best Practices:
	Always validate the discriminated union constraints
	Use standardized error types for consistent error handling
	Ensure error messages are informative but don't expose sensitive information
	Include function name for correlation in batch processing scenarios
	Consider implementing retry logic based on error types
	Log both successful and failed function executions for monitoring

5. Protocol Versioning and Evolution
5.1. Versioning Strategy
The ALTAR Data Model (ADM) follows a semantic versioning approach to ensure predictable evolution while maintaining backward compatibility across the ecosystem. This strategy provides clear guidelines for implementers and consumers of the specification.
5.1.1. Semantic Versioning
The ADM uses semantic versioning (SemVer) with the format MAJOR.MINOR.PATCH:
	MAJOR version (X.0.0): Incremented for incompatible changes that break existing implementations
	MINOR version (0.X.0): Incremented for backward-compatible functionality additions
	PATCH version (0.0.X): Incremented for backward-compatible bug fixes and clarifications

Current Version: 1.0.0
5.1.2. Version Compatibility Matrix
	Version Change	Compatibility	Description	Examples
	PATCH (1.0.0 → 1.0.1)	Full backward compatibility	Documentation clarifications, typo fixes, example improvements	Correcting field descriptions, adding usage examples
	MINOR (1.0.0 → 1.1.0)	Backward compatible	New optional fields, additional enum values, new data structures	Adding optional metadata fields, new SchemaType values
	MAJOR (1.0.0 → 2.0.0)	Breaking changes	Required field changes, field removals, type changes	Changing required fields, removing deprecated structures

5.1.3. Backward Compatibility Guarantees
PATCH Version Guarantees:
	All existing data structures remain unchanged
	All field definitions remain identical
	All validation rules remain consistent
	All JSON serialization formats remain compatible
	Documentation improvements and clarifications only

MINOR Version Guarantees:
	All existing required fields remain required with same types
	All existing optional fields remain optional with same types
	New optional fields may be added to existing structures
	New data structures may be introduced
	New enum values may be added (with proper default handling)
	All existing JSON serialization remains valid

MAJOR Version Changes:
	May modify or remove existing required fields
	May change field types or validation rules
	May remove deprecated data structures
	May introduce incompatible serialization changes
	Requires explicit migration planning

5.1.4. Deprecation and Migration Policies
Deprecation Process:
	Announcement: Deprecated features are marked in documentation with deprecation notices
	Grace Period: Minimum of one MAJOR version cycle before removal
	Migration Guide: Detailed migration instructions provided for all breaking changes
	Tooling Support: Where possible, automated migration tools are provided

Deprecation Timeline:
	Version N.x.x: Feature marked as deprecated with migration guidance
	Version (N+1).0.0: Deprecated feature may be removed with breaking change notice
	Minimum Support: Deprecated features supported for at least 12 months

Migration Support:
	Documentation: Comprehensive migration guides for each major version
	Examples: Before/after examples showing migration patterns
	Validation: Tools to validate compatibility between versions
	Testing: Reference test suites to verify migration correctness

5.1.5. Version Declaration and Discovery
Specification Versioning:
	Each specification document includes version information in the header
	Version follows the format: "ALTAR Data Model (ADM) Specification vX.Y.Z"
	Status field indicates: Draft, Release Candidate, Final, Deprecated

Implementation Versioning:
	Implementations should declare their supported ADM version
	Version compatibility should be validated at runtime when possible
	Cross-version compatibility should be handled gracefully

Version Negotiation:
	Higher-layer protocols (LATER, GRID) may implement version negotiation
	Implementations should support the highest mutually compatible version
	Fallback to lower versions should maintain functional compatibility

5.1.6. Change Management Process
Specification Changes:
	Proposal: Changes proposed through formal specification process
	Review: Community and maintainer review of proposed changes
	Classification: Changes classified as PATCH, MINOR, or MAJOR
	Implementation: Reference implementation updated
	Testing: Comprehensive testing including backward compatibility
	Release: Version released with detailed changelog

Breaking Change Requirements:
	Justification: Clear rationale for why breaking change is necessary
	Impact Assessment: Analysis of affected implementations and users
	Migration Path: Detailed migration instructions and tooling
	Timeline: Minimum notice period before breaking change takes effect

Community Input:
	RFC Process: Request for Comments for significant changes
	Feedback Period: Minimum 30-day comment period for major changes
	Stakeholder Review: Input from LATER and GRID protocol maintainers
	Implementation Feedback: Testing and feedback from reference implementations

5.2. Extension Points and Future Evolution
The ADM specification is designed with strategic extension points that enable future enhancements while maintaining backward compatibility. These extension points provide controlled expansion paths for new capabilities without disrupting existing implementations.
5.2.1. Structural Extension Points
Tool Structure Extensions:
The Tool structure is designed for extensibility beyond function declarations:
{
  "function_declarations": [...],
  // Future extension points:
  "retrieval_declarations": [...],    // Future: Document/data retrieval capabilities
  "search_declarations": [...],       // Future: Search and indexing capabilities
  "workflow_declarations": [...],     // Future: Multi-step workflow definitions
  "metadata": {                       // Future: Tool metadata and annotations
    "version": "1.0.0",
    "author": "...",
    "tags": [...],
    "capabilities": [...]
  }
}
Schema Type System Extensions:
The SchemaType enumeration can be extended with new types:
{
  "type": "DATETIME",     // Future: Native datetime support
  "type": "BINARY",       // Future: Binary data support
  "type": "REFERENCE",    // Future: Cross-schema references
  "type": "UNION",        // Future: Union type support
  "type": "TUPLE"         // Future: Fixed-length array with mixed types
}
ToolResult Extensions:
The discriminated union pattern supports additional result types:
{
  "name": "function_name",
  "status": "PARTIAL",    // Future: Partial success status
  "status": "STREAMING",  // Future: Streaming response support
  "content": {...},
  "metadata": {           // Future: Execution metadata
    "execution_time": 150,
    "resource_usage": {...},
    "warnings": [...]
  }
}
5.2.2. Reserved Fields and Namespaces
Reserved Field Names:
The following field names are reserved for future use across all data structures:
	_adm_*: Reserved for ADM specification metadata
	_version: Reserved for structure-level versioning
	_extensions: Reserved for implementation-specific extensions
	_metadata: Reserved for system-generated metadata
	_deprecated: Reserved for deprecation markers
	_experimental: Reserved for experimental features

Namespace Conventions:
	Core ADM: No prefix (current specification)
	LATER Protocol: later_* prefix for LATER-specific extensions
	GRID Protocol: grid_* prefix for GRID-specific extensions
	Vendor Extensions: vendor_name_* prefix for vendor-specific additions
	Experimental: x_* prefix for experimental features

5.2.3. Extension Guidelines
Backward Compatibility Requirements:
	Additive Only: Extensions must only add new optional fields or structures
	Default Behavior: Missing extension fields must have sensible default behavior
	Graceful Degradation: Implementations must function without understanding extensions
	Validation Tolerance: Unknown fields should be ignored, not cause validation failures

Extension Design Principles:
	Minimal Impact: Extensions should not affect core ADM functionality
	Clear Semantics: Extension behavior must be well-defined and documented
	Implementation Optional: Extensions should be optional for basic ADM compliance
	Composability: Extensions should work together without conflicts

Extension Documentation Requirements:
	Specification: Formal specification document for each extension
	Examples: Comprehensive examples showing extension usage
	Migration: Clear migration path from non-extended to extended versions
	Testing: Test suites validating extension behavior and compatibility

5.2.4. Future Capability Roadmap
Planned Extensions (Future Versions):
v1.1.0 - Enhanced Metadata:
	Tool metadata and versioning support
	Function deprecation markers
	Usage analytics hooks
	Performance hints and constraints

v1.2.0 - Advanced Type System:
	Union types for flexible parameter schemas
	Conditional schemas based on other parameters
	Cross-reference support between schemas
	Enhanced validation constraints

v1.3.0 - Streaming and Async Support:
	Streaming response indicators
	Asynchronous execution markers
	Progress reporting structures
	Cancellation support

v2.0.0 - Multi-Modal Capabilities:
	Non-function tool types (retrieval, search)
	Binary data type support
	Media type handling
	Workflow composition primitives

5.2.5. Implementation Extension Guidelines
Custom Extensions:
Implementations may add custom extensions following these guidelines:
{
  "function_declarations": [...],
  "x_custom_metadata": {              // Experimental prefix
    "implementation": "my-tool-v1.0",
    "custom_features": [...]
  },
  "vendor_acme_config": {             // Vendor-specific prefix
    "acme_specific_setting": "value"
  }
}
Extension Validation:
	Core ADM validation must pass regardless of extensions
	Extension-specific validation should be separate and optional
	Unknown extensions should be preserved during serialization/deserialization
	Extension conflicts should be detected and reported

Extension Discovery:
	Implementations should declare supported extensions
	Extension capabilities should be discoverable at runtime
	Version compatibility should include extension compatibility
	Fallback behavior should be defined for unsupported extensions

Cross-Protocol Compatibility:
	Extensions should consider LATER and GRID protocol needs
	Protocol-specific extensions should not conflict with core ADM
	Extension namespacing should prevent cross-protocol conflicts
	Shared extensions should be promoted to core ADM when appropriate

6. Conclusion
The ALTAR Data Model (ADM) v1.0 specification provides a robust, language-agnostic foundation for defining and interacting with AI tools. By establishing a universal contract for data structures, the ADM ensures seamless interoperability across the ALTAR ecosystem, from local development with the LATER protocol to distributed production environments with the GRID protocol.
This document serves as the authoritative v1.0 reference for all ADM implementations. Adherence to this specification is essential for ensuring that tools are portable, compatible, and can evolve gracefully within the broader ALTAR architecture.

Note: This specification supersedes and replaces all previous drafts, including any existing documentation in this directory. The structures defined herein represent the final, authoritative v1.0 specification for the ALTAR Data Model.
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1. Introduction
1.1. Vision & Guiding Principles
The LATER (Local Agent & Tool Execution Runtime) Protocol provides a language-agnostic standard for local, in-process AI tool execution. It is designed to be the frictionless on-ramp to production for the ALTAR ecosystem. Its primary purpose is to enable developers to build and test tools locally that are guaranteed to be compatible with the secure, scalable GRID execution environment, ensuring a seamless transition from development to deployment.
LATER is governed by three core principles:
	 The Frictionless On-Ramp to Production: Every feature in LATER is designed with the "promotion path" in mind. The developer experience is optimized to ensure that code written for local execution works identically when pointed at the distributed GRID backend, eliminating the need for costly and error-prone rewrites.
	 Implements the ADM: LATER is a consumer of the ALTAR Data Model (ADM). All data structures it produces and consumes (FunctionDeclaration, FunctionCall, ToolResult, etc.) must conform to the ADM v1.0 specification. This shared contract is what makes the promotion path possible.
	 Developer Experience & Introspection: The protocol prioritizes a world-class developer experience. A compliant implementation must favor automated schema generation from native function signatures and documentation, minimizing boilerplate and manual configuration. It must also provide adapters for popular existing AI frameworks (see Section 2.4).

1.2. Relationship to ADM & GRID
LATER is the second layer in the three-layer ALTAR architecture, positioned between the foundational data model and the distributed execution protocol.
graph TB
    subgraph AE["ALTAR Ecosystem"]
        L3("
            <strong>Layer 3: GRID Protocol</strong><br/><br/>
            Distributed Tool Orchestration<br/>
            Inter-Process & Network Communication<br/>
            Manages Security & Transport
        ")

        L2("
            <strong>Layer 2: LATER Protocol (This Specification)</strong><br/><br/>
            Local Tool Execution Runtime<br/>
            In-Process Function Calls<br/>
            Automated Introspection
        ")

        L1("
            <strong>Layer 1: ADM (ALTAR Data Model)</strong><br/><br/>
            Universal Data Structures<br/>
            Canonical Schemas & Contracts<br/>
            (e.g., FunctionDeclaration, FunctionCall)
        ")
    end

    %% --- Define Connections ---
    L3 -- consumes --> L1
    L2 -- implements --> L1

    %% --- Styling ---
    style AE fill: #FFF,color:#000
    style L3 fill:#42a5f5,stroke:#1e88e5,color:#000000
    style L2 fill:#1e88e5,stroke:#1565c0,color:#ffffff
    style L1 fill:#0d47a1,stroke:#002171,color:#ffffff
	  LATER implements the ADM: It provides a standard for creating and executing tools that are described by ADM data structures.
	  LATER is the local companion to GRID: Where GRID defines how tools operate across a network, LATER defines how they operate within a single process. This clear separation of concerns allows for a "promotion path" where a tool can graduate from a local LATER runtime to a distributed GRID runtime with no changes to its fundamental contract.

2. Abstract Protocol Definition
A LATER-compliant implementation must provide the following conceptual components and behaviors. These definitions are language-agnostic; the subsequent section provides a canonical implementation pattern in Elixir.
2.1. Tool Declaration Mechanism
A LATER implementation must provide an idiomatic, introspective mechanism for developers to declare native functions as AI tools.
Requirements:
	 Idiomatic Interface: The mechanism must feel natural to the host programming language (e.g., decorators in Python, annotations in Java/C#, macros in Elixir).
	 Automated Schema Generation: The mechanism must introspect the native function's signature and documentation to automatically generate an ADM-compliant FunctionDeclaration schema. This includes:	  Name: The function's name.
	  Description: The function's primary documentation string.
	  Parameters:	  An ADM Schema object of type OBJECT.
	  properties derived from the function's parameter names and types. Native types must be mapped to their ADM SchemaType equivalents (e.g., string -> STRING, int -> INTEGER).
	  description for each parameter derived from its documentation.
	  required fields are inferred; parameters with default values are considered optional.




	 Registration: Upon declaration, the generated FunctionDeclaration and a reference to the executable function (e.g., a function pointer or lambda) must be registered with the Global Tool Definition Registry.

2.2. Two-Tier Registry Architecture
LATER requires a two-tier registry system to manage the difference between a tool's definition and its availability within a specific operational context.
2.2.1. Global Tool Definition Registry
	  Scope: Application-wide, singleton.
	  Lifecycle: Populated at application startup or compile-time as tools are declared. Persists for the life of the application.
	  Contents:	 The complete, ADM-compliant FunctionDeclaration for every tool.
	 An internal reference or handle to the actual executable function.


	  Responsibility: Acts as the single source of truth for all tool schemas and their corresponding business logic.

2.2.2. Session-Scoped Registry
	  Scope: Ephemeral, tied to a specific "session" or "conversation."
	  Lifecycle: Created when a session begins and destroyed when it ends.
	  Contents: A list of tool names that are active for that session. It does not store schemas directly, but rather references the tools available in the Global Registry.
	  Responsibility: Manages which tools are available for a given AI interaction. This allows a host application to selectively expose a subset of all globally-defined tools to the agent based on context, user permissions, or conversation state.

2.3. Local Tool Executor
The Executor is responsible for invoking a tool's business logic in response to an agent's request.
Requirements:
	 Lookup: Given a FunctionCall from an agent, the Executor must first look up the corresponding tool in the relevant Session-Scoped Registry to confirm its availability.
	 Validation: It must then retrieve the tool's FunctionDeclaration from the Global Registry and validate the incoming args from the FunctionCall against the parameter schema. This includes checking for required parameters, validating data types, and respecting enum constraints.
	 Invocation: If validation succeeds, the Executor invokes the referenced native function, passing the args as arguments.
	 Response Handling:	  On successful execution, it must wrap the function's return value in an ADM-compliant ToolResult with a status of SUCCESS.
	  On any failure (validation error, runtime exception, etc.), it must construct a ToolResult with a status of ERROR and a structured ErrorObject containing a clear message.



2.4. Tool Adapters & Ecosystem Compatibility
To lower the barrier to adoption, a LATER implementation must provide bi-directional tool adapters for popular existing AI frameworks. These adapters allow developers to use their existing tools written for other frameworks within ALTAR, and vice-versa, without modification.
Conceptual Adapter Functions:
# Conceptual Python adapter for LangChain
import altar
import inspect
from typing import Type
from pydantic import BaseModel
from langchain_core.tools import BaseTool

# --- Ingestion: LangChain -> LATER ---

def LATER.import_from_langchain(lc_tool: BaseTool):
  """
  Converts a LangChain tool into an ADM FunctionDeclaration and registers it
  with the LATER Global Registry.
  """
  # 1. Map LangChain's Pydantic schema to an ADM Schema
  adm_schema = _convert_pydantic_to_adm_schema(lc_tool.args_schema)

  # 2. Construct the FunctionDeclaration
  declaration = altar.ADM.FunctionDeclaration(
      name=lc_tool.name,
      description=lc_tool.description,
      parameters=adm_schema
  )

  # 3. Define the execution wrapper and register it
  def _wrapper_func(**kwargs):
      # LangChain tools expect a single string or dictionary input
      result = lc_tool.invoke(kwargs)
      return altar.ADM.ToolResult(status="SUCCESS", content=result)

  LATER.GlobalRegistry.register(declaration, _wrapper_func)

def _convert_pydantic_to_adm_schema(pydantic_model: Type[BaseModel]) -> altar.ADM.Schema:
  """
  Inspects a Pydantic model to generate an ADM Schema.
  """
  properties = {}
  required = []

  for field_name, model_field in pydantic_model.model_fields.items():
    field_type = model_field.annotation

    # Map Python types to ADM types
    adm_type = "STRING" # Default
    if field_type is int:
        adm_type = "INTEGER"
    elif field_type is float:
        adm_type = "NUMBER"
    elif field_type is bool:
        adm_type = "BOOLEAN"

    properties[field_name] = altar.ADM.Schema(
        type=adm_type,
        description=model_field.description or ""
    )

    if model_field.is_required():
      required.append(field_name)

  return altar.ADM.Schema(type="OBJECT", properties=properties, required=required)


# --- Egress: LATER -> LangChain ---

def LATER.export_to_langchain(tool_name: str) -> BaseTool:
  """
  Exposes a LATER-native tool as a LangChain-compatible BaseTool.
  """
  # 1. Retrieve the tool's contract from the LATER Global Registry
  declaration = LATER.GlobalRegistry.lookup_declaration(tool_name)
  if not declaration:
      raise ValueError(f"Tool '{tool_name}' not found in LATER registry.")

  # 2. Dynamically create a Pydantic model for the arguments
  args_schema = _convert_adm_to_pydantic_schema(declaration.parameters)

  # 3. Create a dynamic class that inherits from BaseTool
  class LangChainToolWrapper(BaseTool):
      name: str = declaration.name
      description: str = declaration.description
      args_schema: Type[BaseModel] = args_schema

      def _run(self, **kwargs):
          # This is the bridge to the LATER execution runtime
          function_call = altar.ADM.FunctionCall(name=self.name, args=kwargs)

          # Assumes a session_id is available in the context
          session_id = _get_current_session_id()
          tool_result = LATER.Executor.execute(session_id, function_call)

          if tool_result.status == "SUCCESS":
              return tool_result.content
          else:
              # LangChain expects exceptions on failure
              raise Exception(f"Tool execution failed: {tool_result.error.message}")

  return LangChainToolWrapper()

def _convert_adm_to_pydantic_schema(adm_schema: altar.ADM.Schema) -> Type[BaseModel]:
    # This would involve more complex dynamic Pydantic model creation logic
    # For simplicity, we'll imagine a helper function handles this.
    from pydantic import create_model

    fields = {}
    for name, prop_schema in adm_schema.properties.items():
        # Map ADM types back to Python types
        py_type = str # Default
        if prop_schema.type == "INTEGER":
            py_type = int
        elif prop_schema.type == "NUMBER":
            py_type = float
        elif prop_schema.type == "BOOLEAN":
            py_type = bool

        # Pydantic fields are tuples of (type, default_value)
        # If the field is not required, we can give it a default of None.
        default = ... if name in adm_schema.required else None
        fields[name] = (py_type, default)

    return create_model(f"{adm_schema.name}Args", **fields)
// Conceptual C# adapter for Semantic Kernel
using Microsoft.SemanticKernel;
using System.Reflection;
using System.ComponentModel;

// --- Ingestion: Semantic Kernel -> LATER ---

public void LATER.import_from_sk(KernelPlugin sk_plugin)
{
    foreach (var function in sk_plugin)
    {
        // 1. Convert the SK function to an ADM FunctionDeclaration
        var declaration = _convert_sk_function_to_adm(function);

        // 2. Create a wrapper for execution and register it
        Func<Dictionary<string, object>, Altar.ADM.ToolResult> wrapper = (args) => {
            var sk_args = new KernelArguments(args);
            // Assumes a Kernel is available in the execution context
            var result = function.InvokeAsync(kernel, sk_args).Result;
            return new Altar.ADM.ToolResult { Status = "SUCCESS", Content = result };
        };

        LATER.GlobalRegistry.register(declaration, wrapper);
    }
}

private Altar.ADM.FunctionDeclaration _convert_sk_function_to_adm(KernelFunction sk_function)
{
    var parameters = new Altar.ADM.Schema { Type = "OBJECT", Properties = new(), Required = new() };

    foreach (var param in sk_function.Metadata.Parameters)
    {
        // Map .NET types to ADM types
        string adm_type = "STRING"; // Default
        if (param.ParameterType == typeof(int) || param.ParameterType == typeof(long))
            adm_type = "INTEGER";
        else if (param.ParameterType == typeof(float) || param.ParameterType == typeof(double) || param.ParameterType == typeof(decimal))
            adm_type = "NUMBER";
        else if (param.ParameterType == typeof(bool))
            adm_type = "BOOLEAN";

        parameters.Properties[param.Name] = new Altar.ADM.Schema
        {
            Type = adm_type,
            Description = param.Description ?? ""
        };

        if (param.IsRequired)
        {
            parameters.Required.Add(param.Name);
        }
    }

    return new Altar.ADM.FunctionDeclaration
    {
        Name = $"{sk_function.PluginName}_{sk_function.Name}",
        Description = sk_function.Description ?? "",
        Parameters = parameters
    };
}


// --- Egress: LATER -> Semantic Kernel ---

public KernelPlugin LATER.export_to_sk(string[] tool_names)
{
    var functions = new List<KernelFunction>();

    foreach (var tool_name in tool_names)
    {
        // 1. Get the ADM declaration from the LATER registry
        var declaration = LATER.GlobalRegistry.lookup_declaration(tool_name);
        if (declaration == null) continue;

        // 2. Create a KernelFunction from the ADM declaration
        var kernel_function = KernelFunctionFactory.CreateFromMethod(
            () => {
                // This is the execution bridge back to LATER.
                // The actual invocation logic is more complex and would be
                // handled by the SK function's internal implementation, which
                // would call the LATER executor.

                // Placeholder for the actual call
                Console.WriteLine($"Executing LATER tool '{tool_name}' via SK wrapper.");
                return Task.CompletedTask;
            },
            functionName: declaration.Name,
            description: declaration.Description
            // Further work would be needed to map ADM parameters to SK parameters
        );
        functions.Add(kernel_function);
    }

    return KernelPluginFactory.CreateFromFunctions("LATER_Exported", "Tools exported from the LATER runtime.", functions);
}
This commitment to interoperability is central to LATER's mission. It ensures developers can try the ALTAR promotion path without needing to first rewrite their existing, battle-tested tools.
3. Canonical Implementation Pattern: Elixir
This section provides a brief, non-normative example of how the abstract protocol can be idiomatically implemented in Elixir. This serves as a reference for implementers in other languages.
3.1. Tool Declaration with deftool
A deftool macro leverages Elixir's metaprogramming to satisfy the Tool Declaration Mechanism requirement.
# lib/my_app/calculator_tools.ex
defmodule MyApp.CalculatorTools do
  use Later.Tools # Imports the deftool macro

  @doc """
  Adds two numbers together.
  """
  deftool add(a, b) do
    {:ok, a + b}
  end

  @doc """
  Calculates the total price including tax.
  @param unit_price The price of a single item.
  @param quantity The number of items.
  @param tax_rate The tax rate as a decimal (e.g., 0.08 for 8%).
  """
  deftool calculate_total(unit_price, quantity, tax_rate \\ 0.0) do
    total = unit_price * quantity * (1 + tax_rate)
    {:ok, total}
  end
end
	  Introspection: The deftool macro uses Code.get_doc/2 at compile time to get the function and parameter documentation. It introspects the abstract syntax tree (AST) to find parameter names and default values.
	  Registration: It generates an ADM FunctionDeclaration and registers it along with the function reference (&add/2) into an ETS-based Global Tool Definition Registry.

3.2. Registries and Executor
	  Global Registry: A simple GenServer or ETS table that stores {function_name, arity} as a key and the FunctionDeclaration and MFA {module, function, args} as the value.
	  Session Registry: A GenServer per session, holding a MapSet of active tool names for that session.
	  Executor: A module with an execute/2 function that performs the lookup, validation, and invocation logic.

# Simplified Executor Logic
defmodule Later.Executor do
  def execute(session_id, %FunctionCall{name: name, args: args}) do
    with {:ok, mfa} <- Registry.lookup(session_id, name),
         :ok <- Validator.validate(mfa, args) do
      # Apply the function and wrap in a ToolResult
      apply(mfa.module, mfa.function, Map.values(args))
      |> wrap_in_tool_result(name)
    else
      {:error, reason} ->
        # Return an error ToolResult
        Later.Types.ToolResult.error(name, reason)
    end
  end
end
4. The Core Workflow: From Local IDE to Production Deployment
This section illustrates the complete end-to-end workflow, demonstrating the core value proposition of LATER: developing a tool locally and seamlessly promoting it to a secure, distributed GRID environment by changing a single line of configuration.
4.1. The End-to-End LATER Flow
The following diagram shows the sequence of events when a tool is executed locally using the LATER protocol.
sequenceDiagram
    participant Dev as Developer
    participant App as Host Application (e.g., gemini_ex)
    participant LATER as LATER Runtime
    participant LLM as Large Language Model

    Dev->>+App: Defines `CalculatorTools.add/2` with `deftool`
    Note over App,LATER: At compile time, `deftool` introspects<br/>`add/2` and populates the<br/>Global Tool Registry.

    App->>+LATER: Start Session("session-123", tools: [:add])
    LATER->>LATER: Create Session-Scoped Registry for "session-123"

    App->>+LLM: generate_content("What is 5 + 7?", tools: [FunctionDeclaration for :add])
    LLM-->>-App: FunctionCall(name: "add", args: %{a: 5, b: 7})

    App->>LATER: Executor.execute("session-123", FunctionCall)
    LATER->>LATER: 1. Validate "add" is in session registry
    LATER->>LATER: 2. Validate args `{a: 5, b: 7}` against schema
    LATER->>LATER: 3. Invoke `CalculatorTools.add(5, 7)`
    LATER-->>-App: ToolResult(name: "add", status: :SUCCESS, content: 12)

    App->>+LLM: generate_content(..., tool_results: [ToolResult])
    LLM-->>-App: Final Response("The sum of 5 and 7 is 12.")
4.2. The Seamless Promotion Path to GRID
A core architectural benefit of LATER is the seamless "promotion path" for a tool to a distributed GRID (Global Runtime & Interface Definition) environment. This migration requires no changes to the tool's ADM contract (FunctionDeclaration) or the host application's core logic.
The promotion is achieved entirely through configuration.
Step 1: Develop and Test Locally with LATER
The developer writes and tests their tool using LATER. The host application is configured to use the local LATER tool source.
# config/dev.exs
config :my_app, MyApp.Endpoint,
  tool_source: {:later, MyApp.LocalToolSource}

# --- Host Application Logic (remains unchanged) ---
# 1. Start a session and get tool declarations
{:ok, session} = MyApp.Endpoint.start_session(tools: ["add/2"])
declarations = MyApp.Endpoint.get_tool_declarations(session)

# 2. Interact with the LLM
response = Gemini.generate("What is 15 + 30?", tools: declarations)
# ... LLM returns a FunctionCall

# 3. Dispatch the call via the configured endpoint
result = MyApp.Endpoint.execute(session, response.function_call)
# result = %ToolResult{name: "add", status: :SUCCESS, content: 45}
Step 2: Deploy Tool to a GRID Runtime
The same tool code (e.g., MyApp.CalculatorTools) is deployed as part of a standalone GRID-compliant Runtime service. This service exposes the tool over the network.
Step 3: Promote by Changing Configuration
To switch to the production-ready, secure backend, the developer changes a single line in their configuration file. The application code does not change.
# config/prod.exs
config :my_app, MyApp.Endpoint,
  tool_source: {:grid, MyApp.GridToolSource, [
    host: "grid.example.com",
    port: 8080,
    transport: :grpc
  ]}
When the application is restarted with this configuration, calls to MyApp.Endpoint.execute/2 are now routed through the GridToolSource, which handles the secure, networked call to the remote GRID Runtime.
Because both LATER and GRID share the same ADM contract, the LLM and the host application are completely unaware of the change in execution backend. This fulfills the "write once, run anywhere" promise of the ALTAR architecture.
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1. Introduction
1.1. Vision & Guiding Principles
The GRID (Global Runtime & Interop Director) Protocol is the secure, scalable execution backend for the ALTAR ecosystem. It provides the production-grade fulfillment layer for tools developed and tested with the LATER protocol, solving the critical security, governance, and operational challenges that are not addressed by open-source development frameworks.
GRID is built on two core principles:
	 Managed, Secure Fulfillment: GRID's primary value is providing a secure, managed environment for tool execution. Its Host-centric security model (see Section 3) is not just a feature but the foundation of its enterprise-readiness.
	 Language-Agnostic Scalability: GRID is designed from the ground up to orchestrate tool execution across a fleet of polyglot Runtimes. This allows specialized tools written in Python, Go, Node.js, etc., to be scaled independently of the host application, optimizing performance and resource allocation.

1.2. Relationship to ADM & LATER
GRID is the third layer of the three-layer ALTAR architecture, building upon the foundational contracts established by the ALTAR Data Model (ADM) and complementing the local execution model of the LATER protocol.
graph TB
    subgraph L3["Layer&nbsp;3:&nbsp;GRID&nbsp;Protocol&nbsp;(This&nbsp;Specification)"]
        direction TB
        A["<strong>Distributed Tool Orchestration</strong><br/>Host-Runtime Communication<br/>Enterprise Security & Observability"]
    end

    subgraph L2["Layer&nbsp;2:&nbsp;LATER&nbsp;Protocol"]
        direction TB
        B["<strong>Local Tool Execution</strong><br/>In-Process Function Calls<br/>Development & Prototyping"]
    end

    subgraph L1["Layer&nbsp;1:&nbsp;ADM"]
        direction TB
        C["<strong>ALTAR Data Model (ADM)</strong><br/>Universal Data Structures<br/>Tool Definitions & Schemas<br/>Function Call Contracts"]
    end

    L3 -- imports --> L1
    L2 -- imports --> L1

    style L3 fill:#42a5f5,stroke:#1e88e5,color:#000000
    style L2 fill:#1e88e5,stroke:#1565c0,color:#ffffff
    style L1 fill:#0d47a1,stroke:#002171,color:#ffffff
	  Imports the ADM: GRID is a consumer of the ALTAR Data Model (ADM). All data payloads within GRID messages, such as function calls and results, must conform to the structures defined in the ADM specification (FunctionCall, ToolResult, etc.). GRID defines the messages that transport these ADM structures between processes.
	  Distributed Counterpart to LATER: Where the LATER protocol specifies in-process tool execution for development, GRID specifies out-of-process, distributed tool execution for scalable, production-ready systems.

2. Architecture: The Host-Runtime Model
The GRID protocol is based on a Host-Runtime architecture, where a central Host orchestrates communication between clients and one or more Runtimes.
graph LR
    subgraph Client["Client"]
        direction TB
        C1[AI Agent]
        C2[Application]
    end

    subgraph GH["GRID&nbsp;Host"]
        direction TB
        H[Host Process]
        R[Tool Registry]
        S[Session Manager]
        A[Authorization]
        H --- R & S & A
    end

    subgraph GR["GRID&nbsp;Runtimes"]
        direction TB
        RT1["Runtime A<br/>(Python)"]
        RT2["Runtime B<br/>(Go)"]
        RT3["Runtime C<br/>(Node.js)"]
    end

    Client -- "1\. CreateSession()" --> H
    Client -- "4\. ToolCall(call)" --> H

    H -- "2\. AnnounceRuntime()" --> RT1
    H -- "2\. AnnounceRuntime()" --> RT2
    H -- "2\. AnnounceRuntime()" --> RT3

    RT1 -- "3\. FulfillTools()" --> H
    RT2 -- "3\. FulfillTools()" --> H
    RT3 -- "3\. FulfillTools()" --> H

    H -- "5\. ToolCall(call)" --> RT2

    RT2 -- "6\. ToolResult(result)" --> H

    H -- "7\. ToolResult(result)" --> Client

    style H fill:#4338ca,stroke:#3730a3,color:#ffffff,fontWeight:bold
    style RT1 fill:#34d399,stroke:#25a274,color:#ffffff
    style RT2 fill:#34d399,stroke:#25a274,color:#ffffff
    style RT3 fill:#34d399,stroke:#25a274,color:#ffffff
    style C1 fill:#38bdf8,stroke:#2899c8,color:#ffffff
    style C2 fill:#38bdf8,stroke:#2899c8,color:#ffffff

    style Client fill: #fff, color: #000
    style GH fill: #eff, color: #000
    style GR fill: #fef, color: #000
	  Client: Any application or agent that needs to invoke tools. The Client communicates only with the Host.
	  Host: The central orchestration engine. It manages sessions, maintains a registry of trusted tool contracts, enforces security, and routes invocations to the appropriate Runtime.
	  Runtime: An external process that connects to the Host to provide tool execution capabilities. A Runtime does not define tools; it fulfills tool contracts that the Host makes available.

3. Security Model: Host-Managed Contracts
GRID's most important feature is its Host-centric security model, which is designed to prevent "Trojan Horse" vulnerabilities common in other tool-use systems. In many systems, a tool provider (a Runtime) declares its own capabilities. A malicious or compromised Runtime could misrepresent its schema, tricking a client into sending sensitive data.
GRID solves this by inverting the trust model:
	 The Host is the Source of Truth: The Host maintains a manifest of trusted Tool Contracts. These contracts are the only tool definitions the system recognizes.
	 Runtimes Fulfill, They Don't Define: A Runtime cannot register a new tool. Instead, it can only announce that it is capable of fulfilling one or more of the contracts already defined by the Host.
	 Host-Side Validation: When a Client sends a ToolCall, the Host validates the arguments against its own trusted contract before forwarding the call to the Runtime. The Runtime is never the authority on the contract schema.

GRID Security: From Developer Responsibility to Platform Guarantee
Typical Open-Source Model: Security is the developer's responsibility. The framework provides the primitives, but the developer must correctly implement input validation, access control, and secure deployment practices. A mistake can easily lead to a vulnerability.
The GRID Model: Security is a platform guarantee. By centralizing contract authority and validation in the Host, GRID provides built-in protection against a class of vulnerabilities. The platform, not the developer, is responsible for ensuring that only trusted, validated calls are dispatched for execution. This significantly reduces the security burden on the application developer and provides a more robust, auditable system by design.

This model ensures that all tool interactions are governed by centrally-vetted, secure contracts, providing a high degree of security, auditability, and control, which is essential for enterprise environments.
4. Protocol Message Schemas (Language-Neutral IDL)
These schemas define the messages exchanged between the Host and Runtimes. All payloads referencing tool structures (e.g., FunctionCall, ToolResult) are defined by the ALTAR Data Model (ADM) Specification.
4.1. Handshake & Fulfillment
Messages used for establishing a connection and declaring capabilities.
// Sent by a Runtime to the Host to announce its presence.
message AnnounceRuntime {
  string runtime_id = 1;           // Unique identifier for this runtime instance.
  string language = 2;             // Runtime language (e.g., "python", "elixir").
  string version = 3;              // Version of the GRID bridge implementation.
  repeated string capabilities = 4; // Supported GRID features (e.g., "streaming").
  map<string, string> metadata = 5; // Additional runtime-specific information.
}

// Sent by a Runtime to the Host to declare which trusted tool
// contracts it can execute for a given session.
message FulfillTools {
  string session_id = 1;           // The session for which tools are being fulfilled.
  repeated string tool_names = 2;  // Names of the Host-defined tool contracts to fulfill.
  string runtime_id = 3;           // The ID of the runtime providing the fulfillment.
}
4.2. Invocation & Results
Messages for executing a tool function and returning its result.
// Sent by the Host to a Runtime to request execution of a function.
// This message wraps a data structure from the ADM specification.
message ToolCall {
  string invocation_id = 1;        // Unique ID for this specific invocation.
  string correlation_id = 2;       // ID for tracing the entire workflow.
  ADM.FunctionCall call = 3;       // The function call payload, conforming to the ADM.
}

// Sent by a Runtime to the Host with the result of a function execution.
// This message wraps a data structure from the ADM specification.
message ToolResult {
  string invocation_id = 1;        // Correlates with the originating ToolCall.
  string correlation_id = 2;       // Propagated for end-to-end tracing.
  ADM.ToolResult result = 3;       // The function result payload, conforming to the ADM.
}

// (Level 2+) Sent by a Runtime to the Host for streaming results.
message StreamChunk {
  string invocation_id = 1;        // Correlates with the originating ToolCall.
  uint64 chunk_id = 2;             // Sequential identifier for ordering chunks.
  bytes payload = 3;               // Partial data for this chunk.
  bool is_final = 4;               // Flag indicating the end of the stream.
  Error error = 5;                 // Optional field for reporting in-band errors.
}
4.3. Session Management
Messages for managing the lifecycle of an interaction context.
// Sent by a Client to the Host to initialize a new interaction context.
message CreateSession {
  string suggested_session_id = 1;   // A client-suggested ID (Host may override).
  map<string, string> metadata = 2;   // Initial metadata for the session.
  uint64 ttl_seconds = 3;            // Requested time-to-live for the session.
  SecurityContext security_context = 4; // (Level 2+) Security context for the session.
}

// Sent by a Client to the Host to terminate an existing session.
message DestroySession {
  string session_id = 1;             // The ID of the session to terminate.
  bool force = 2;                    // If true, terminate even if invocations are active.
}
4.4. Supporting Types
Common data structures used across multiple messages.
// A structured error object.
message Error {
  string message = 1;              // A human-readable error message.
  string type = 2;                 // A standardized error code (e.g., "TOOL_NOT_FOUND").
}

// (Level 2+) Defines the security identity for a session.
message SecurityContext {
  string principal_id = 1;         // The end-user or service on whose behalf the session is acting.
  string tenant_id = 2;            // The organization or tenant this session belongs to.
  map<string, string> claims = 3;  // Opaque security claims from an auth system.
}
5. Interaction Flows
5.1. Runtime Connection and Fulfillment
This flow describes how a new Runtime connects to the Host and makes its tools available for a session.
sequenceDiagram
    participant RT as Runtime
    participant H as Host

    RT->>H: AnnounceRuntime(runtime_id, capabilities)
    activate H
    H-->>RT: Ack (Contracts Available)
    deactivate H

    Note over RT, H: Session is created by a Client (not shown)

    RT->>H: FulfillTools(session_id, tool_names)
    activate H
    H->>H: Validate tool_names against trusted manifest
    H->>H: Register fulfilled tools in session
    H-->>RT: Ack (Fulfillment Success)
    deactivate H
5.2. Synchronous Tool Invocation
This flow shows a standard, non-streaming tool call initiated by a Client.
sequenceDiagram
    participant C as Client
    participant H as Host
    participant RT as Runtime

    C->>H: ToolCall(ADM.FunctionCall)
    activate H
    H->>H: 1. Find Session
    H->>H: 2. Authorize Call (SecurityContext)
    H->>H: 3. Validate `args` against trusted ADM Schema
    H->>H: 4. Find fulfilling Runtime (e.g., RT)
    H->>RT: ToolCall(invocation_id, ADM.FunctionCall)
    deactivate H
    activate RT
    RT->>RT: Execute function logic...
    RT->>H: ToolResult(invocation_id, ADM.ToolResult)
    deactivate RT
    activate H
    H->>H: Process result, log telemetry
    H-->>C: ToolResult(ADM.ToolResult)
    deactivate H
6. The Business Case for GRID
The GRID protocol and its corresponding managed Host implementations are designed to answer a critical question for engineering leaders: "Why not just use an open-source framework like LangChain and deploy it on cloud services ourselves?"
While a DIY approach offers maximum flexibility, it also carries significant hidden costs and risks. GRID provides compelling business value by addressing these challenges directly.
	  Reduced DevOps Overhead: Building a secure, scalable, polyglot, and observable distributed system for AI tools is a complex engineering task that can take a dedicated team months. A managed GRID Host provides this infrastructure out-of-the-box, allowing teams to focus on building business logic, not on managing queues, load balancers, and container orchestration for他们的 AI tools.

	  Built-in Security & Compliance (AESP): The Host-centric security model is a core feature, not an add-on. By adopting GRID, organizations get a pre-built control plane for Role-Based Access Control (RBAC), immutable audit logging, and centralized policy enforcement, as defined by the Altar Enterprise Security Profile (AESP). This dramatically accelerates the path to deploying compliant, secure AI agents in regulated environments.

	  Language-Agnostic Scalability: A key architectural advantage of GRID is the decoupling of the Host from the Runtimes. This allows an organization to scale its Python-based data science tools independently from its Go-based backend integration tools. This granular control over scaling optimizes resource utilization and reduces operational costs compared to monolithic deployment strategies.

	  Faster Time-to-Market: By leveraging the seamless "promotion path" from LATER, developers can move from a local prototype to a production-scale deployment with a simple configuration change. This agility allows businesses to iterate faster and deliver value from their AI investments sooner.


7. Compliance Levels
To facilitate interoperability and gradual adoption, GRID defines several compliance levels.
	  Level 1 (Core): A minimal, compliant implementation.
	  Must implement AnnounceRuntime, FulfillTools.
	  Must support the synchronous ToolCall -> ToolResult flow.
	  Must implement CreateSession and DestroySession.
	  Must use and validate ADM structures for all payloads.


	  Level 2 (Streaming): A more feature-rich implementation suitable for production.
	  Includes all Level 1 features.
	  Must implement the StreamChunk message for streaming results.
	  Must support the SecurityContext for multi-tenancy and advanced auth.


	  Level 3 (Enterprise): A full-featured, high-security implementation.
	  Compliance for this level is defined by the separate Altar Enterprise Security Profile (AESP).
	  Includes features like detailed audit logging, resource management, and advanced policy enforcement.
	  See: aesp.md for the complete AESP specification.
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    AESP (ALTAR Enterprise Security Protocol) Profile v1.0

Version: 1.0
Status: Final
Date: August 5, 2025
Defines: GRID Protocol Level 3 Enterprise Compliance
1. Introduction
1.1. Overview
This document defines the AESP (ALTAR Enterprise Security Protocol) Profile v1.0. AESP is not a standalone protocol; it is a formal profile of the GRID Protocol that specifies the mandatory architectural components, message extensions, and security controls required to achieve Level 3 Enterprise Compliance.
The primary purpose of AESP is to elevate the core GRID protocol to meet the stringent demands of enterprise environments. Where GRID provides a robust foundation for distributed tool orchestration, AESP layers on the critical features of security, governance, and compliance. An AESP-compliant system is, by definition, a GRID-compliant system that has been hardened and extended for high-stakes, regulated deployments.
1.2. Relationship to GRID
AESP extends the GRID protocol through three primary mechanisms, ensuring that an AESP-compliant Host remains interoperable with the core principles of GRID while enforcing stricter enterprise-grade controls.
	  Component Mandates: AESP mandates the implementation of a specific Control Plane architecture. A standard GRID Host is extended with required services for identity, policy, audit, and more, which become integral to its operation.
	  Message Replacement: AESP selectively replaces certain base GRID protocol messages with enterprise-specific counterparts. These extended messages (e.g., EnterpriseSecurityContext) are supersets of the base messages, carrying additional data required for fine-grained policy enforcement, auditability, and governance.
	  Stricter Security: AESP elevates GRID's security posture from a recommendation to a requirement. It mandates specific security controls, such as mTLS 1.3+ for all transport, integration with enterprise identity providers (IdPs), and the maintenance of an immutable audit log.

2. AESP Architecture: The Control Plane Model
To achieve AESP compliance, a GRID Host must be implemented as part of a comprehensive AESP Control Plane. This architecture provides the centralized management, security, and governance functions required for enterprise operations.
graph TB
    subgraph ESP["Enterprise&nbsp;Security&nbsp;Perimeter"]
        subgraph ACP["AESP&nbsp;Control&nbsp;Plane"]
            direction TB
            GATEWAY[API Gateway]
            HOST[AESP Host Cluster]
            SM[Session Manager]
            RBAC[RBAC Engine]
            PE[Policy Engine]
            AM[Audit Manager]
            TM[Tenant Manager]
            CM[Cost Manager]
            GM[Governance Manager]
            IM[Identity Manager]
            CONFIG[Configuration Manager]

            style GATEWAY fill:#1f2937,stroke:#111827,color:#ffffff,fontWeight:bold
            style HOST fill:#4338ca,stroke:#3730a3,color:#ffffff,fontWeight:bold
            style SM fill:#e2e8f0,stroke:#cbd5e1,color:#475569
            style RBAC fill:#dc2626,stroke:#b91c1c,color:#ffffff
            style PE fill:#dc2626,stroke:#b91c1c,color:#ffffff
            style AM fill:#059669,stroke:#047857,color:#ffffff
            style TM fill:#7c3aed,stroke:#6d28d9,color:#ffffff
            style CM fill:#f59e0b,stroke:#d97706,color:#ffffff
            style GM fill:#8b5cf6,stroke:#7c3aed,color:#ffffff
            style IM fill:#06b6d4,stroke:#0891b2,color:#ffffff
            style CONFIG fill:#10b981,stroke:#059669,color:#ffffff
        end
        
        subgraph EIL["Enterprise&nbsp;Identity&nbsp;Layer"]
            direction LR
            LDAP[LDAP/AD]
            SAML[SAML IdP]
            OAUTH[OAuth 2.0]
            PKI[Enterprise PKI]
        end
        
        subgraph SRE["Secure&nbsp;Runtime&nbsp;Environment"]
            direction TB
            RT1[Python Runtime<br/>Tenant A]
            RT2[Java Runtime<br/>Tenant B]
        end
    end
    
    %% Connections
    GATEWAY --> HOST
    HOST --> SM & RBAC & PE & AM & TM & CM & GM & IM & CONFIG
    RBAC --> LDAP & SAML & OAUTH
    HOST -.->|mTLS| RT1
    HOST -.->|mTLS| RT2
    style ESP fill: #fff, color: #000
    style ACP fill: #efe, color: #000
    style EIL fill: #fef, color: #000
    style SRE fill: #eff, color: #000

2.1. Mandated Components
An AESP-compliant Host MUST integrate with the following mandated components:
	  API Gateway: The unified, secure entry point for all external client interactions, responsible for TLS termination, authentication, rate limiting, and routing.
	  Identity Manager: Provides the administrative control plane for managing all system principals (users, service accounts), including their lifecycle and synchronization with external enterprise IdPs.
	  RBAC Engine: Manages hierarchical roles and permissions, integrating with the Identity Manager to make fine-grained authorization decisions for every action.
	  Policy Engine: Evaluates declarative policies (e.g., using Common Expression Language - CEL) to enforce complex, real-time security, operational, and business rules.
	  Audit Manager: Creates a cryptographically-signed, immutable audit trail of every significant system event, from administrative actions to tool invocations.
	  Governance Manager: Orchestrates programmatic approval workflows for critical system artifacts like policies, tool contracts, and budgets, ensuring changes are controlled and auditable.
	  Cost Manager: Provides financial governance by metering resource consumption, attributing costs to tenants and principals, and enforcing budgets.
	  Tenant Manager: Enforces strict multi-tenant isolation for data, resources, and configuration.
	  Configuration Manager: Enables dynamic, zero-downtime updates to the control plane's operational configuration, with changes managed through versioning and governance workflows.

2.2. Mapping to Cloud-Native Services
The AESP Control Plane is a logical architecture, not a prescription for a specific implementation. It is designed to be realized using standard, best-in-class cloud-native services. This approach allows enterprises to leverage their existing infrastructure and expertise.
The following table illustrates how AESP components map to concrete services from major cloud providers:
	AESP Component	AWS	Azure	Google Cloud (GCP)
	API Gateway	Amazon API Gateway	Azure API Management	Apigee API Management
	AESP Host Cluster	Amazon EKS, ECS	Azure Kubernetes Service (AKS)	Google Kubernetes Engine (GKE)
	Identity Manager	AWS IAM Identity Center	Microsoft Entra ID (Azure AD)	Cloud Identity, Identity Platform
	RBAC Engine	AWS IAM	Azure RBAC	Cloud IAM
	Policy Engine	AWS Config, OPA Gatekeeper	Azure Policy, OPA Gatekeeper	OPA Gatekeeper
	Audit Manager	AWS CloudTrail	Azure Monitor	Google Cloud Audit Logs
	Governance Manager	AWS Step Functions, CodePipeline	Azure Logic Apps, DevOps	Cloud Composer, Cloud Build
	Cost Manager	AWS Cost Explorer, Budgets	Microsoft Cost Management	Cloud Billing
	Configuration Manager	AWS AppConfig, Parameter Store	Azure App Configuration	Runtime Config

This mapping demonstrates that AESP is not a proprietary, black-box system but rather a standardized architecture that organizes and integrates the powerful enterprise services that modern cloud platforms already provide.
3. AESP Message Replacements and Extensions
AESP achieves its enhanced capabilities by replacing key GRID protocol messages with extended enterprise versions. These messages are designed to be supersets of their base counterparts.
3.1. EnterpriseSecurityContext
The EnterpriseSecurityContext replaces the base GRID SecurityContext. It expands the simple principal and tenant IDs with a rich set of claims and metadata required for enterprise-grade RBAC and policy decisions.
message EnterpriseSecurityContext {
  // Base GRID Fields
  string principal_id = 1;
  string tenant_id = 2;

  // AESP Extensions
  map<string, string> claims = 3;         // Claims from the identity token (e.g., JWT).
  string organization_id = 4;           // Top-level enterprise identifier.
  string business_unit = 5;             // Department or cost center.
  repeated string roles = 6;              // Roles assigned to the principal.
  repeated string permissions = 7;        // Specific permissions granted.
  string security_clearance = 8;        // Security clearance level (e.g., "confidential").
  string data_classification = 9;       // Highest data classification level accessible.
  uint64 session_expires_at = 10;         // Session expiration timestamp.
  map<string, string> policy_context = 11; // Additional context for the Policy Engine.
}
3.2. EnterpriseToolContract
The EnterpriseToolContract replaces the use of a standard ADM FunctionDeclaration as the Host's manifest entry. It enriches the core function definition with metadata crucial for governance, security, and risk management.
message EnterpriseToolContract {
  // Base ADM Fields
  string name = 1;
  string description = 3;
  repeated ParameterSchema parameters = 4; // Conforms to ADM Schema

  // AESP Extensions
  string contract_version = 2;
  string security_classification = 7;       // Data sensitivity level (e.g., "PII", "PUBLIC").
  repeated string required_roles = 8;       // Roles needed to execute this tool.
  repeated string required_permissions = 9; // Fine-grained permissions needed.
  string approval_status = 10;              // e.g., "DRAFT", "PENDING_APPROVAL", "ACTIVE".
  string approved_by = 11;                  // Principal ID of the approver.
  uint64 approved_at = 12;                  // Timestamp of approval.
  repeated string compliance_tags = 13;     // e.g., "GDPR", "HIPAA".
  string risk_assessment = 14;              // e.g., "LOW", "MEDIUM", "HIGH".
  map<string, string> governance_metadata = 15; // Other governance-related key-value pairs.
}
3.3. EnterpriseRuntimeAnnouncement
The EnterpriseRuntimeAnnouncement replaces the base GRID AnnounceRuntime. It provides the Host with critical security and identity information about the Runtime instance, enabling the Host to enforce connection policies.
message EnterpriseRuntimeAnnouncement {
  // Base GRID Fields
  string runtime_id = 1;      // A unique identifier for this runtime instance.
  string language = 2;        // The implementation language (e.g., "python").
  string version = 3;         // The version of the runtime's GRID client library.
  repeated string capabilities = 4; // List of supported GRID features.

  // AESP Extensions
  // Information extracted from the Runtime's mTLS certificate.
  CertificateIdentity certificate_identity = 5;
  // Attestation data proving the runtime's integrity (e.g., from a TPM).
  bytes runtime_attestation = 6;
  // The contracts the runtime is pre-configured to fulfill.
  repeated string declared_contracts = 7;
}
3.4. EnterpriseError
The EnterpriseError replaces the base GRID Error. It provides a much richer, structured format for error reporting, including details for security, compliance, and automated remediation.
message EnterpriseError {
  // Base GRID Fields
  string code = 1;        // Standard error code (e.g., PERMISSION_DENIED).
  string message = 2;     // Human-readable error description.

  // AESP Extensions
  map<string, string> details = 3;          // Additional machine-readable details.
  string tenant_id = 4;                   // Tenant context for the error.
  string principal_id = 5;                // Principal context for the error.
  string correlation_id = 6;              // ID for tracing the request end-to-end.
  uint64 retry_after_ms = 7;              // Suggested delay before retrying.
  repeated string security_implications = 8; // Potential security impacts.
  repeated string compliance_impact = 9;   // Potential compliance violations.
  repeated string remediation_steps = 10;  // Suggested actions to resolve the error.
  bool escalation_required = 11;          // Whether this error requires human intervention.
}
4. Mandatory Enterprise Services (IDL Summary)
An AESP-compliant Host MUST expose a set of secure, auditable APIs for managing the control plane. These services provide the programmatic interface for all administrative and governance functions. The following is a summary of the required service scopes:
	  EnterpriseIdentityService: Manages the lifecycle of principals (users, service accounts), their roles, and their synchronization with external identity providers.
	  EnterprisePolicyService: Manages the lifecycle of security and business policies, including their creation, validation, deployment, and versioning.
	  EnterpriseAuditService: Provides query access to the immutable audit log, allowing administrators to investigate events and generate compliance reports.
	  EnterpriseGovernanceService: Manages the programmatic approval workflows for critical artifacts such as policies, tool contracts, and budgets.
	  EnterpriseCostManagementService: Manages budgets, provides cost attribution, and exposes metering data for financial oversight.
	  EnterpriseConfigurationService: Manages the dynamic operational configuration of the AESP control plane itself.

5. Security Requirements
AESP mandates a set of non-negotiable security controls to ensure a hardened, enterprise-ready posture.
	  Transport Security: All network communication between the AESP Host and its Runtimes must be secured using mutual TLS (mTLS) v1.3 or higher.
	  Identity Integration: The AESP Control Plane must integrate with an enterprise identity provider (e.g., LDAP, SAML, OIDC) to act as the source of truth for user identities.
	  Immutable Auditing: All significant events must be recorded in a cryptographically-signed, immutable audit log. This includes all administrative actions, policy changes, tool invocations, and session lifecycle events.
	  Centralized Contract Authority: The AESP Host must act as the single source of truth for all EnterpriseToolContract definitions. Runtimes can only fulfill contracts; they cannot define them.
	  Least Privilege by Default: All principals must be subject to RBAC and policy checks, and should be granted the minimum set of permissions necessary for their function.

6. AESP and the Promotion Path
AESP provides the final, most secure stage in the ALTAR tool lifecycle. The promotion path to a fully governed enterprise tool is as follows:
	 A tool is first defined using the standard ALTAR Data Model (ADM).
	 It is tested and run locally using the LATER protocol.
	 It is deployed to a standard GRID environment for distributed execution.
	 Finally, for enterprise use, its definition is promoted to an EnterpriseToolContract. This enrichment process involves adding security classifications, risk assessments, and compliance tags. The contract is then submitted to the EnterpriseGovernanceService for formal review and approval.

Once approved and active in the AESP Host's manifest, the tool is fully subject to the control plane's policies. Every call is authenticated, authorized by the RBAC and Policy Engines, and meticulously recorded by the Audit Manager, completing its journey to a fully governed enterprise asset.
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    Changelog

All notable changes to this project will be documented in this file.
The format is based on Keep a Changelog,
and this project adheres to Semantic Versioning.
[Unreleased]
[0.1.2] - 2025-08-07
Changed
	Updated CHANGELOG.md and included in docs package.

[0.1.1] - 2025-08-07
Changed
	Improved and clarified the documentation in the main README.md to better explain the core architectural principles.

[0.1.0] - 2025-08-07
🎉 Added - First Implementation Release
This is the first official implementation release of the ALTAR protocol, providing a robust, production-ready foundation for local AI tool execution in Elixir.
🏛️ Architectural Foundation (Altar.ADM)
	Validated Data Model: Implemented the complete Altar.ADM (ALTAR Data Model) layer with type-safe structs (FunctionDeclaration, FunctionCall, ToolResult, ToolConfig).
	Smart Constructors: All data model structs are created via new/1 constructors that perform comprehensive validation, ensuring no malformed data can exist at runtime.

🚀 Local Execution Runtime (Altar.LATER)
	Stateful Tool Registry: Implemented Altar.LATER.Registry as a robust GenServer to manage the state of registered tool functions safely. It prevents duplicate registrations and validates function arity.
	Stateless Tool Executor: Implemented the Altar.LATER.Executor, a pure and stateless module that safely executes tool calls. It includes try/rescue blocks to gracefully handle exceptions within tool code, always returning a valid ToolResult.

🧬 OTP Compliance
	Top-Level Supervisor: Added Altar.Supervisor to manage the lifecycle of the Registry process, providing a named, discoverable endpoint (Altar.LATER.Registry) for easy application integration.

🧪 Testing
	Comprehensive Test Suite: Added a full suite of ExUnit tests, achieving 100% coverage for all modules in the ADM and LATER layers. Tests validate all success paths, failure paths, and edge cases.

[0.0.1] - 2025-08-03
Added
	Initial Project Setup: Created the mix.exs file for the altar hex package.
	Protocol Specification: Finalized the v1.0 Altar Protocol specification, including the design, requirements, and implementation plan.
	Documentation: Created the initial README.md with project overview, vision, and documentation links.
	Styling: Applied a professional color scheme to all Mermaid diagrams based on the project logo.
	Configuration: Created a comprehensive .gitignore file for a standard Elixir project.
	License: Added the MIT License.

Changed
	Project Status: The project is now considered v1.0 complete and is ready for implementation.

Fixed
	N/A (Initial Release)
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Altar 
    



      
ALTAR application entrypoint.
Boots the top-level supervisor that manages the Local Agent & Tool Execution
Runtime (LATER) processes.
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Altar.Supervisor 
    



      
Top-level supervisor for the ALTAR application.
Manages the Local Agent & Tool Execution Runtime (LATER) processes, starting
with a named Altar.LATER.Registry so it can be discovered by other
components without passing around pids.

      


      
        Summary


  
    Functions
  


    
      
        child_spec(init_arg)

      


        Returns a specification to start this module under a supervisor.



    


    
      
        start_link(init_arg \\ :ok)

      


        Start the top-level supervisor.



    





      


      
        Functions

        


  
    
      
    
    
      child_spec(init_arg)



        
          
        

    

  


  

Returns a specification to start this module under a supervisor.
See Supervisor.

  



    

  
    
      
    
    
      start_link(init_arg \\ :ok)



        
          
        

    

  


  

      

          @spec start_link(term()) :: Supervisor.on_start()


      


Start the top-level supervisor.
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Altar.ADM 
    



      
ALTAR Data Model (ADM) – the universal contract layer for tools.
This namespace provides foundational, validated data structures shared by the
LATER (local) and GRID (distributed) protocols. Construct values via the
validating constructors exposed both on each struct module and as ergonomic
pass-through helpers here.

      


      
        Summary


  
    Functions
  


    
      
        new_function_call(attrs)

      


        Create a new FunctionCall via validated constructor.



    


    
      
        new_function_declaration(attrs)

      


        Create a new FunctionDeclaration via validated constructor.



    


    
      
        new_tool_config(attrs)

      


        Create a new ToolConfig via validated constructor.



    


    
      
        new_tool_result(attrs)

      


        Create a new ToolResult via validated constructor.



    





      


      
        Functions

        


  
    
      
    
    
      new_function_call(attrs)



        
          
        

    

  


  

      

          @spec new_function_call(map() | keyword()) ::
  {:ok, Altar.ADM.FunctionCall.t()} | {:error, String.t()}


      


Create a new FunctionCall via validated constructor.

  



  
    
      
    
    
      new_function_declaration(attrs)



        
          
        

    

  


  

      

          @spec new_function_declaration(map() | keyword()) ::
  {:ok, Altar.ADM.FunctionDeclaration.t()} | {:error, String.t()}


      


Create a new FunctionDeclaration via validated constructor.

  



  
    
      
    
    
      new_tool_config(attrs)



        
          
        

    

  


  

      

          @spec new_tool_config(map() | keyword()) ::
  {:ok, Altar.ADM.ToolConfig.t()} | {:error, String.t()}


      


Create a new ToolConfig via validated constructor.

  



  
    
      
    
    
      new_tool_result(attrs)



        
          
        

    

  


  

      

          @spec new_tool_result(map() | keyword()) ::
  {:ok, Altar.ADM.ToolResult.t()} | {:error, String.t()}


      


Create a new ToolResult via validated constructor.
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Altar.ADM.FunctionCall 
    



      
FunctionCall represents a request to invoke a function by name with arguments.
Use new/1 to construct validated instances.

      


      
        Summary


  
    Types
  


    
      
        t()

      


        A validated FunctionCall.



    





  
    Functions
  


    
      
        new(attrs)

      


        Construct a new validated FunctionCall.



    





      


      
        Types

        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Altar.ADM.FunctionCall{
  args: map(),
  call_id: String.t(),
  name: String.t()
}


      


A validated FunctionCall.

  


        

      

      
        Functions

        


  
    
      
    
    
      new(attrs)



        
          
        

    

  


  

      

          @spec new(map() | keyword()) :: {:ok, t()} | {:error, String.t()}


      


Construct a new validated FunctionCall.
Accepts a map or keyword list with:
	:call_id (required): non-empty string
	:name (required): non-empty string
	:args (optional): map(), defaults to %{}

Returns {:ok, %FunctionCall{}} on success or {:error, reason}.
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Altar.ADM.FunctionDeclaration 
    



      
FunctionDeclaration represents a callable function's contract in the ADM.
This structure mirrors industry patterns (e.g., Gemini, OpenAPI) while
remaining intentionally simple. It defines the function's name, human-readable
description, and a parameters schema (as a map for now).
Use new/1 to construct validated instances.

      


      
        Summary


  
    Types
  


    
      
        parameters_schema()

      


        The parameters schema represented as a plain map for now (OpenAPI Schema-like).



    


    
      
        t()

      


        The validated FunctionDeclaration struct.



    





  
    Functions
  


    
      
        new(attrs)

      


        Construct a new validated FunctionDeclaration.



    





      


      
        Types

        


  
    
      
    
    
      parameters_schema()



        
          
        

    

  


  

      

          @type parameters_schema() :: map()


      


The parameters schema represented as a plain map for now (OpenAPI Schema-like).

  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Altar.ADM.FunctionDeclaration{
  description: String.t(),
  name: String.t(),
  parameters: parameters_schema()
}


      


The validated FunctionDeclaration struct.

  


        

      

      
        Functions

        


  
    
      
    
    
      new(attrs)



        
          
        

    

  


  

      

          @spec new(map() | keyword()) :: {:ok, t()} | {:error, String.t()}


      


Construct a new validated FunctionDeclaration.
Accepts a map or keyword list with:
	:name (required): string matching ~r/^[a-zA-Z0-9_-]{1,64}$/
	:description (required): non-empty string
	:parameters (optional): map() – defaults to %{}

Returns {:ok, %FunctionDeclaration{}} on success or {:error, reason}.
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Altar.ADM.ToolConfig 
    



      
ToolConfig encapsulates model/tool-calling configuration, including mode and
an optional allowlist of function names.
Use new/1 to construct validated instances.

      


      
        Summary


  
    Types
  


    
      
        mode()

      


        Tool selection mode.



    


    
      
        t()

      


        A validated ToolConfig struct.



    





  
    Functions
  


    
      
        new(attrs)

      


        Construct a new validated ToolConfig.



    





      


      
        Types

        


  
    
      
    
    
      mode()



        
          
        

    

  


  

      

          @type mode() :: :auto | :any | :none


      


Tool selection mode.

  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Altar.ADM.ToolConfig{function_names: [String.t()], mode: mode()}


      


A validated ToolConfig struct.

  


        

      

      
        Functions

        


  
    
      
    
    
      new(attrs)



        
          
        

    

  


  

      

          @spec new(map() | keyword()) :: {:ok, t()} | {:error, String.t()}


      


Construct a new validated ToolConfig.
Accepts a map or keyword list with:
	:mode (required): one of :auto | :any | :none

	:function_names (optional): list of strings, defaults to []

Returns {:ok, %ToolConfig{}} on success or {:error, reason}.
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Altar.ADM.ToolResult 
    



      
ToolResult correlates a FunctionCall with its outcome.
Use new/1 to construct validated instances. This simple v1 structure records
whether the result is an error and carries the content payload.

      


      
        Summary


  
    Types
  


    
      
        t()

      


        A validated ToolResult.



    





  
    Functions
  


    
      
        new(attrs)

      


        Construct a new validated ToolResult.



    





      


      
        Types

        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Altar.ADM.ToolResult{
  call_id: String.t(),
  content: any(),
  is_error: boolean()
}


      


A validated ToolResult.

  


        

      

      
        Functions

        


  
    
      
    
    
      new(attrs)



        
          
        

    

  


  

      

          @spec new(map() | keyword()) :: {:ok, t()} | {:error, String.t()}


      


Construct a new validated ToolResult.
Accepts a map or keyword list with:
	:call_id (required): non-empty string; correlates with the triggering call
	:content (optional): any term; if is_error: true, should ideally be a map like %{error: "..."}
	:is_error (optional): boolean, defaults to false

Returns {:ok, %ToolResult{}} on success or {:error, reason}.
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Altar.LATER.Executor 
    



      
Stateless tool execution for the Local Agent & Tool Execution Runtime (LATER).
This module provides a pure, stateless API to execute a registered tool using
a validated Altar.ADM.FunctionCall. It looks up the tool in the
Altar.LATER.Registry, invokes the implementation with the provided args, and
returns an Altar.ADM.ToolResult via the validating constructor.

      


      
        Summary


  
    Functions
  


    
      
        execute_tool(registry, function_call)

      


        Execute a tool call against the given registry.



    





      


      
        Functions

        


  
    
      
    
    
      execute_tool(registry, function_call)



        
          
        

    

  


  

      

          @spec execute_tool(GenServer.server(), Altar.ADM.FunctionCall.t()) ::
  {:ok, Altar.ADM.ToolResult.t()}


      


Execute a tool call against the given registry.
The function is pure with respect to input arguments: it looks up the
implementation function via the supplied registry pid/name and
deterministically constructs a ToolResult based on the outcome of executing
that function with function_call.args.
	If the tool is found and executes without raising, returns
{:ok, %ToolResult{is_error: false, content: result}}.
	If the tool raises, returns {:ok, %ToolResult{is_error: true, content: %{error: ...}}}.
	If the tool is not found, returns {:ok, %ToolResult{is_error: true, content: %{error: ...}}}.
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Altar.LATER.Registry 
    



      
Registry of tool implementations for the Local Agent & Tool Execution Runtime (LATER).
This module manages an in-process registry of tool functions keyed by their
validated Altar.ADM.FunctionDeclaration.name. It is implemented as a
GenServer for safe, serialized updates and queries.
State is a map of function_name :: String.t() to implementation
functions of arity 1 that accept the tool arguments map.

      


      
        Summary


  
    Types
  


    
      
        state()

      


        The internal state of the registry process.



    


    
      
        tool_fun()

      


        A tool implementation function. Must be arity-1 and accept a map of arguments.



    





  
    Functions
  


    
      
        child_spec(init_arg)

      


        Returns a specification to start this module under a supervisor.



    


    
      
        lookup_tool(registry, function_name)

      


        Look up a tool implementation by its function name.



    


    
      
        register_tool(registry, function_declaration, fun)

      


        Register a tool implementation under the provided declaration's name.



    


    
      
        start_link(opts \\ [])

      


        Start the registry process.



    





      


      
        Types

        


  
    
      
    
    
      state()



        
          
        

    

  


  

      

          @type state() :: %{optional(String.t()) => tool_fun()}


      


The internal state of the registry process.

  



  
    
      
    
    
      tool_fun()



        
          
        

    

  


  

      

          @type tool_fun() :: (map() -> any())


      


A tool implementation function. Must be arity-1 and accept a map of arguments.

  


        

      

      
        Functions

        


  
    
      
    
    
      child_spec(init_arg)



        
          
        

    

  


  

Returns a specification to start this module under a supervisor.
See Supervisor.

  



  
    
      
    
    
      lookup_tool(registry, function_name)



        
          
        

    

  


  

      

          @spec lookup_tool(GenServer.server(), String.t()) ::
  {:ok, tool_fun()} | {:error, :not_found}


      


Look up a tool implementation by its function name.
Returns {:ok, fun} when found or {:error, :not_found} otherwise.

  



  
    
      
    
    
      register_tool(registry, function_declaration, fun)



        
          
        

    

  


  

      

          @spec register_tool(GenServer.server(), Altar.ADM.FunctionDeclaration.t(), tool_fun()) ::
  :ok | {:error, term()}


      


Register a tool implementation under the provided declaration's name.
	registry is the pid or name of the registry process
	declaration is a validated %Altar.ADM.FunctionDeclaration{}
	fun is an arity-1 function that accepts a map of arguments

Returns :ok on success or {:error, reason} if registration fails
(e.g., name already registered or invalid function arity).

  



    

  
    
      
    
    
      start_link(opts \\ [])



        
          
        

    

  


  

      

          @spec start_link(Keyword.t()) :: GenServer.on_start()


      


Start the registry process.
Standard GenServer.start_link/3 options are accepted.
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